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Chapterl
Introduction
Waterisoneofthemostfamiliarandcrucialsubstancesforhumans.It
existseverywhereonearthincludingour『bodies.Actually,71%oftheearth's
surfaceiscoveredwithwater.Thetotalvolumeofwateronearthis
estimatedtobea'bout1.4×1018m3,wherein96.5%inoceans,1.69%
underground,1.76%inglaciers,0.0265%inlakesandrivers,0.0009%inthe
airasvapor,andO.0001%withinlivingbodies.Forus,humans,water
accountsforabout70-80%ofourbodiesandplaysacrucialrolein
maintainingourvitalactivities,suchasmetabolicprocesses,protein
functionality,chemicalreactions,'bloodcirculation,andtransportof
biochemical.Italsohasahugeeffectonourdailylivesandenvironments:
climate,agriculture,industry,engineering,andsoon.
Meanwhile,itisnotonlyaubiquitoussubstance,butalsohasplentyof
mysteriouspropertiessuchasthedensitymaximumat277K.1'5Thatiswhy
ithasattractedtheinterestofmanyresearchersforsolongandvarious
hypotheseshavebeendevelopedtosolvethemysteries.6'101tisknownthat
theanomalouspropertiesofliquidwateraremorepronouncedwhen
supercooled.1'3Forexample,thermodynamicresponsefunctionsand
characteristicrelaxationtimesappeartodivergeatasingularity
temperature.1'3Theoriginofthisbehaviorhasnotbeenfullyunderstoodso
far.Moreover,uponrapidcooling,experimentalstudieshaverevealedthe
presenceofatleasttwoamorphousphasesinwater:10wdensityamorphous
1
ice(LDA)andhighdensityamorphousice(HDA).1・2・8Furthermore,LDAand
HDAareexpectedtoconnecttotwoliquidstates,10wdensityliquid(LDL)
andhighdensityliquid(HDL),undersupercooledregime,respectively.1'3・8
Althoughtheideaseemstoholdthekeytosolveoverallmysteriesofwater,
theexperimentalstudiesarehamperedby`noman'sland'regionin
temperature-pressure(7L乃plane,whereinsupercooledwatercrystallizes
immediately.1'3・8Accordingly,alternativeapproacheshave『beenattempted
usingnano-confinedwater11'17andaqueoussolutions18'22,whereinthe
"supercooledstate"orliquidstateissta『bilizedeven『belowthefreezing
temperatureofbulkwater.
Inthepresentstudy,wethusfocusedonnano-confinedwaterinside
carbonnanomaterials,namely,single-walledcarbonnanotubes(SWCNTs)23
andzeolite-templatedcarbon(ZTC)24.AgreatadvantageofusingSWCNTsis
theircontrollablediameters.Itmaybeexpectedthatsystematicstudieswith
SWCNTsofvariousdiameters(D)clarifythestructure,dynamicsandphase
behaviorofwaterwhichlinktothebulkregion.
Inpreviousstudies,structuresandphasetransitional'behaviorofwater
insideSWCNTswith1.17<刀<～1.4nmhavebeenrevealedbypowderX-ray
diffraction(XRD)experiments25'28aswellasmoleculardynamics(MD)
simulations29'31.Itwasfoundthattheconfinedwaterundergoesa
liquid-solidliketransitionandformstubuleicestructures,icenanotubes(ice
NTs).Ontheotherhand,studieswiththickerSWCNTswerecarriedoutvery
recently.However,fewexperimentalstudieshave'beendoneuntilnow.
Inthiswork,weusedthickerSWCNTswith刀 〉 ～1.4nmtoestablisha
2
globalT-Dphasediagramoftheconfinedwateraswellastoclarifythe
structure,dynamicsandphasebehaviorlinkingtothoseinthe『bulkregion.
AsforZTC,thisisthefirstreportonitswateradsorptionproperties.ZTC
wouldprovideanewplatformtostudythree-dimensiona1"supercooled"
water.
3
Chapter2
WhatisWater?
2.1.WaterinBulk
2.1.1.WaterasaMolecule
Awatermoleculeconsistsoftwohydrogenatomscovalentlybondedto
oneoxygenatom,asshowninFig.2.1(a).Waterisapolarmoleculewithan
electricaldipolemoment,andinteractswithdifferentwatermolecules
throughhydrogenbonding.Forexample,eachwatermoleculeinordinary
hexagonalice(lh)hasfburnearestneighborsandthehydrogenbonds
sustainthetetrahedrallycoordinatednetworkoftheice.IniceIh,theO-0む
distanceis2.76A,andtheOOOangleis109.4。at223K,comfbrta'blycloseto
theidealtetrahedralangleof109.47。andtheaverageHOHangleofthe
individualwatermoleculeof104.520.32Figure2.1(b)showsthestructureof
iceIh.Becauseofthestrongdirectionalityofthehydrogenbonds,iceIhhas
openchannelsthroughthestructure.Thestrengthofahydrogenbondis
about20kJ/mol.1・32ThisisintermediatebetweenasimplevanderWaals
interactionandanionicinteraction.Itisequivalenttoapproximately10
timesatypicaltherma1且uctuationatroomtemperature.Theheatoffusion
oficeIhatatmosphericpressureis6.OkJ/mol,32implyingthatthemajority
ofhydrogenbondsdonotbreakuponmelting.Thus,1iquidwaterclosetothe
meltingpointhaslocaltetrahedralsymmetry,althoughthisorderis
transientandshort-ranged.
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Figure2.1.WatermoleculeandiceIh.(a)Thegeometryofawatermolecule.
Redandwhitespheresrepresentoxygen(0)andhydrogen(H)atoms,
respectively.TheO-HbondlengthandHOHanglepresentedinthefigureis
fromref.32.(b)StructureoficeIh.Althoughthepositionsofhydrogenatoms
areorderedinthefigure,theyaredisorderedinarealsystem.
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2.1.2.AnomalousPropertiesofWater
Waterisnotonlyaubiquitoussubstance,butalsohasanumberof
anomalousproperties.1'5Thatiswhyitattractstheinterestofmany
researchersforsolong.Forexample,itistheonlychemicalcompoundthat
occursnaturallyinallthreestatesofmatter(solid,liquidandvapor).The
dielectricconstantofliquidwaterisunusuallylarge.Inthecrystallinestate,
itcanexistinthirteendifferentcrystallineforms(Fig.2.2).Thisiscalled
`polymorphismofice'
.ItisknownthaticesII,III,V,VI,VII,VIII,X,XIand
Iharestableoveracertainrangeoftemperatureandpressure,whileicesIV,
IX,XIIandcubicice(Ic)aremetastable.1・32Moreover,watercanbecooled
evenbelowitsfreezingpointwithoutcrystallization(supercooled).
Befbrediscussingindetailtheanomalouspropertiesofwaterin
supercooledregime,weshallstartreviewingsomeoftheir'behaviorsinthe
stableliquidrangeinthe711)plane.Inwater,unliketypicalliquids,
isothermalcompressibility(KT)andisobaricheatcapacity(cp)increase『below
319Kand308K,respectively,andthermalexpansioncoefficient(α)
becomesnegativebelow277Katam'bientpressure.1'3Figure2.3showsthe
comparisonofthesethermodynamicresponsefunctionsbetweenwateranda
simpleliquid.Thesedramaticchangeshaveacloserelationtofluctuationof
volumeandentropyuponcooling.1'31nmostliquids,volumeandentropy
fluctuationsbecomesmallerwithloweringtemperature,andarepositively
correlated:adecreaseinvolumeresultsinadecreaseinentropy.Inwater,on
theotherhand,volumeandentropyfluctuations'becomemorepronouncedas
thetemperaturedecreases,andareanti-correlatedbelow277K.Here,the
6
anti-correlationiscausedbytheformationofanopenhydrogenbonded
network,whereinadecreaseinorientationalentropyisaccompanied『bya
volumeincrease.SinceKT,ep,andαreflectthevolumefluctuation,entropy
fluctuation,andthecorrelationbetweenvolumeandentropyfluctuation,
respectively,theyshowdramaticchangesuponcooling.
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2.1.3.SupercooledandGlassyWater
Watercanbesupercooledbelowitsfreezingpointwithoutcrystallization.
Thismetastableliquidstateisretaineddowntoabout235Kunder
atmosphericpressure,atwhichthecrystallizationoccursspontaneously.1'3・8
Thistemperatureisoftenreferredtoasa`homogeneousnucleation
temperature(TH)'.THintheT-PplaneisshowninFig.2.4.Interestingly,TH
andmeltingtemperature(TM)showssimilartrendinthepressure
dependence.1
Whensupercooled,theanomalouspropertiesofliquidwateraremore
pronounced.1'3・8Forinstance,thermodynamicresponsefunctionsand
characteristicrelaxationtimes(e.9.rotationalcorrelationtime)apPearto
divergeatasingularitytemperature(Ts),whenextrapolatedslightly'beyond
TH.Tsisestimatedto'be～228Katatmosphericpressure,applyinga
power-lawfittothemeasureddata.Theoriginofthis『behaviorhasnotbeen
fullyunderstoodsofar.Itistherefbreseenasakeytosolveoverallmysteries
ofwater.
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2.1.4.PolyamorphisminWater
Whenliquidwateriscooledfastenough,thecrystallizationisavoided
anditbecomesamorphoussolids.8Unlikemostotherliquids,waterhasat
leasttwoamorphousphases.Thisphenomenoniscalledpolyamorphism8
Thetwophasesareknownasalowdensityamorphousice(L、DA)andahigh
densityamorphousice(HDA).LDAwasoriginallyproduced'bydepositing
watervaporontoacoldplate330rbycoolingmicrometer-sizeddropletsof
liquidwaterextremelyrapidly34.Ontheotherhand,HDAwasdiscovered『by
compressingiceIhbelow150K.35Moreover,apolyamorphictransition
betweenLDAandHDAisalsopossible.Sincethechangeinpropertiesofthe
amorphousicesisapparentlydiscontinuousatthetransition,itisconsidered
tobeafirst-orderphasetransition.8・36・37
1thasbeenreportedthattheglasstransitiontemperature(Tg)ofLDAis
～136K8・38However
,recentargumentsuggeststhatitshouldbearound165
Korhigher.17・18・39・40
Neutrondiffractionstudiesshowedthatthestructuresofthese
amorphousicesareclearlydifferent.41Withintegratingobservedむ
oxygen-oxygen(0-0)radialdistributionfunctionsbetween2.3and3.3A,it
wasfoundthatL、DAhas3.9nearestneighborswhileHDAhashighervalue
of5.0.41Thisindicatesthatanadditionalwatermoleculeispresentinthe
firstneighborshellofHDAcomparedwiththatofLDA.AsshowninFig.2.5,
therearelocalordersimilaritiesbetweenLDAandiceIh,andHDAand
liquidwater,respectively.
WhentheLDAareheated,itcrystallizesspontaneouslytoiceIcatTxof
11
a『bout150Katatmosphericpressure.1Thuswaterinliquidstatecannot『be
o『bserved『betweenTHand男(.Thisregionissometimesreferredtoas`no
man'sland'inthe711)plane.1'3・8Figure2.6illustratesthe`noman'sland'
regionatatmosphericpressure.Itisexpectedthatsupercooledwaterand
amorphousicesareinsepara'blyconnected.Howeveritsexperimental
o'bservationsarehamperedbythe`noman'sland'region.
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Figure2.5.Oxygen-oxygenpartialradialdistri層butionfunctionobtained
byneutrondiffractionexperiments.伍omRef.41)
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andacrystallizationtemperature,respectively.
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2.1.5.ProposedScenarios
Manyhypotheseshavebeendevelopedtosolvethemysteriesofwater.
Herefourscenariosunderactivediscussionarebrieflydescril)ed:
(1)Thesta『bilitylimit(SL)scenario
AT-PphasediagramofwaterillustratingtheSLscenarioisshownin
Fig.2.7(a).Inthefigure,liquid-gas(L-G)coexistencecurve,alsoreferred
toasI.-Gbinodalcurve,andI.-Gspinodalcurveareseen.Here,a
coexistencecurvedenotestheconditionatwhichtwodistinctphases,
liquidandgasinthiscase,maycoexist.Atthesametime,itisthe
boundary『betweenasetofphasesto『beseparatedwiththermodynamically
favorablecondition.Ontheotherhand,aspinodalcurveisthelimitof
sta'bilityforasetofphases.Inthepresentcase,itshowsthe'boundaryof
absoluteinstal)ilityfortheliquidphaseagainstthegasphase.
IntheSLscenario,itishypothesizedthattheI.-Gspinodalcurveat
negativepressureretracestowardsthepositivepressureregionwhenit
intersectsthelocusofdensitymaxima(alsoreferredtoasthetemperature
ofmaximumdensity,TMD).1・8・10・42Thisisduetothermodynamic
consistency:theslopeofthespinodalcurveintheT-Pplanemustchange
thesignwhenmeetingalinealongwhichthethermalexpansion
coefficientiszero.1・8・10・42Becausethespinodalisalocusofdiverging
densityandentropyfluctuations,KTandel)increaseandαdecreases
whentheyapproachtothespinodal.1'3
Meanwhile,sinceaspinodalcurveandabinodalcurvecancoincide
onlyatacriticalpoint,theintersectionoftheretracingspinodalwiththe
14
L-Gcoexistence(binodal)curvemustbeacriticalpoint.However,the
presenceofsuchacriticalpointisnotconfirmedsofar.Thisfactposesa
seriouschallengetotheSLscenario.
(II)Theliquid-liquidcriticalpoint(1」1」CP)scenario
TheproposedphasediagramofwaterforLLCPscenarioisillustratedin
Fig.2.7(b).Ithypothesizestheexistenceofafirstordertransitionlinein
supercooledregionwhichseparatestwoliquidswithdifferentstructures,
namely,highdensityliquid(HDL)andlowdensityliquid(LDL).1・5・6・8・10
HDLisadenseliquidwithahighlydisorderedstructure,whileLDLhasa
lowerdensityandlocallytetrahedralorder.Inthisscenario,the
experimentallyo『bservedHDAandLDAareconsideredtobestructurally
arrestedstatesofHDLandLDL,respectively.1・5・6・8・10Accordingtothese
views,thetransitionbetweenthetwoformsofliquidwaterwouldterminate
ataliquid-liquidcriticalpoint,C'[Fig.2.7(b)].StartingfromC',thelocusof
maximaofthecorrelationlengthξ,calledtheWidomline,emanates.Water
a'boveC'isafluctuatingmixtureofLDLandHDL.Thisenhancedfluctuation
influencesthepropertiesofliquidwater,1eadingtotheo'bservedincreasein
theresponsefunctions(responseofdensityorentropytochangesin
temperatureorpressure)1・5・6・8・10Untilnow,manycomputersimulations
withvariouspotentialsforwaterconfirmedtheexistenceofaliquid-1iquid
transitionterminatingatC'.44'46
(III)Thesingularity-free(SF)scenario
Thesingularity-free(SF)scenariohypothesizesthattheresponse
15
fu皿ctionshavearapidrise,butthereisnosingularity.1・7・8・10Asdiscussedin
Section2.3.,volumeandentropyfluctuationsinwaterbecomemore
pronouncedasthetemperaturelowers,andtheyareanti-correlatedbelow
277K.IntheSFscenario,itisassumedthatthislow-Tanti-correlation
causestheresponsefunctionstoincreaseuponcooling.Fromthispointof
view,thetransition'betweenthetwoliquidsisalwayscontinuousandthe
o『bservedpolyamorphicchangesinwaterareessentiallyrelaxation
phenomena.[seeFig.2.7(c)].
Atthesametime,theincreasesinwater'sresponsefunctionon
supercoolingcanalsobediscussed『basedonageneralthermodynamic
theorem.SincetheslopeoftheTMD,(∂1)/∂T)㎜,isnegativeinwater,KT
mustincreaseuponcooling,whetherthereisasingularityornot.The
relevantthermodynamicrelationsareshowninref1.
Furthermore,boththeLLCPandtheSFscenarioespredictthatthe
locusofdensitymaximachangesslopeinthenegativepressureregioninthe
P-TplanetoavoidintersectingwiththeL、-Gspinodalcurve[seeFig.2.7(b)
and(c)1.7・44・47Thishas'beenobservedinsimulationsofliquidwater.1・10・44
(IV)Thecritica1-pointfree(CPF)scenario
Ithypothesizesanorder-disordertransition.9・10・48Thisispossi'blya
weaklyfirst-ordertransitionandseparatestwoliquidphases(HDLand
LDL).AsshowninFig.2.7(d),thespinodalofthetransitionbetweenHDL
andLDLextendstonegativepressureregiondowntotheL-Gspinodalcurve.
TheHDL、-L、DLspinodalisallowedtocrosstheL-Gcoexistencecurve,in
16
contrasttotheretracedL-GspinodalcurveintheSI.scenario.Thus,no
criticalpointispresentinthisscenario.9・10
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Figure2.7.Differentphasediagramsofwater:(a)stabilitylimit(SL),(b)
1iquid-1iquidcriticalpoint(1.LCP),(c)singularityfree(SF),and(d)critical
pointfree(CPF)scenarios.In(b)and(c),thedottedlineistheWidomline.In
(d),thedashedanddot-dashedlinesaretheHDI」-1.DI.coexistencelineand
HDL-LDLspinoda1,respectively.Cisthe`normal'1iquid-gascriticalpoint,
whileC'in(b)isthehypothesizedliquid-1iquidcriticalpoint.(adaptedfrom
ref.1andref.10)
17
2.2.WaterinCon丘nedGeometries
Waterinrestrictedspacesshowsunusualpropertiesthatarenot
o『bservedinthebulk.25'31・49'571tisobviousthatstudiesofconfinedwatercan
contributetonotonlytheprogressivestudiesofnaturalsciences58'66butalso
thedevelopmentofnewnano-devicesunderaqueousenvironments.27・28・67'70
Moreover,itisknownthatnano-confinementonwaterstabilizesthe
`supercooledstate'orliquidstateeven『belowthefreezingtemperatureof
bulkwater.11'17・25'31・52'57
2.2.1.ConfinedWaterinNature
(1)Needleice
Oneofthemostfamiliarnaturalphenomenainvolvingconfinedwater
should'beneedleices(Fig.2.8).711toccurswhenthetemperatureofthesoilis
a『boveOoCandthesurfaceairtemperatureis『belowOoC.Thegroundwater
isbroughttothesurfacebycapillaryaction,whereitfreezesandcontri『butes
tothegrowthofneedle-1ikeicecolumn.Notalltypesofsoilaresuita『blefor
thefbrmationofneedleices.Thesoilmustbesufficientlyporoustoallow
capillaryaction.Forinstance,itisknownthatKantoloam,whichcovers
hillsandplateausintheKantoregionofJapan,consistsofappropriate-sized
soilgrainsfortheneedleiceformation.Theneedleicesformatthebeginning
ofwinterandliftorpushawaysmallsoilparticlesabovethem.
18
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(II)Frostheave
Frostheaveoccursundertheproperconditionsinthedeepofwinter.64・72
Frostheaveisalif七〇ffrozensolidlayers『byicelenses[Fig.2.9(a)and(b)].An
icelensisaclusteroficeshapedlikealensduetoaloadofoverlyingsoi1.
Oneormoregrowingicelenseshaveenoughpowertolif七alayerofsoil,as
muchas30cmormore.TheicelensesgrowevenbelowO℃,indicatingthat
waterinthesoilissupercooledandthereisanetflowofwatertotheice
lenses.Itisconsideredthatathinlayerofwaterexists『betweenanicelens
andsoilparticles.Thelayerhasanequilibriumthicknessundergiven
conditions.Ifthemoleculesfromthesupercooledwaterareaddedtotheice
lens,thefreeenergyofthesystemwillbereduced.Thisavailableenergy
mightdoworktolif七thesoillayerandtopullthewaterupfromthe
groundwatersource.However,themechanismremainstobecompletely
elucidated.Icelensesareformednotonlyinsoi1-watersystembutalsoin
manyporousmediaadsor『bingliquidsolution.Thus,thebreakthroughis
demanded『byavarietyofstudyfieldssuchasbiology,medicalscience,
materialengineering,foodscience,andspacedevelopment.
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Figure2-9.Photographoffrostheave,takeninMt.TakaoinJapan.(a)Abig
icelensunderground.(b)Frostheaveliftingtheground.
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(III)Frostflower
Withasimilarprocessastheneedleicelbrmation,'frostflower'appears
fromacertaintypeofwitheredplants(Fig.2.10).Inwinter,thestemofthe
plantwithers,whileitsrootssurviveunderground.Thelivingrootsdraw
water丘omthesoiltothestem.Thedrawnwatercomesoutfromcrackson
thesurfaceofthewitheredstem,andfreezesuponcontactwiththeairifthe
temperatureisbelowO℃.Asmorewaterisdrawnthroughthecracks,it
pushesthethinicelayersfurtherfromthestem,causingathin'peta1'to
form.Anexampleofaplantwhichformsfrostflowersis`Shimo-bashira'.Itis
anendemicplantinJapanandfoundattheKantoregionandsouthward.
Figure2.10.Photographofafrostflower,takeninMt.TakaoinJapan.
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2.2.2.WaterinPorousSilica
Poroussilicamaterialsaremade『basedonsilicondioxide,alsoknownas
silica.Theyhaveunifbrmporeswithdiametersmorethanlnmandhuge
surfacearea(normally≧1000m2/g).73・740neofthemostcommontypesof
poroussilicaisMCM-410rsilicage1.MCM-41consistsofcylindrical-like
uniformpores,arrangedparallelinatwodimensionalhoneycomb-type
lattice,whilesilicageliscomposedofathreedimensionalnetworkof
interconnectedpores.
Thephase『behaviorsofwaterconfinedinporoussilicahave『been
extensivelystudiedfbrmorethanhalfacentury,inordertoelucidatethe
effectsofconfinementonwaterproperties.12'14・16・17・52'56Forinstance,pore
diameter(、D)dependenceofthemelting/freezingtemperatureT.(D)ofthe
confinedwaterhasinvestigatedusingMCM-41withadiametermorethan
～2nm .52'551twasfbundthatthedepressionofthemelting/freezing
temperature,△T刑二273-T醐(D),canberepresentedbyamodified
Gibbs-Thomson(G-T)equation,△T配=K/(D/2-t),withKandtas
parameters.tisregardedasthicknessoftheboundwaterontheporewall
andoftenestimatedtobeO.3-0.4nm.Ithasalsobeenshownthatthe
confinedwatercrystallizesintoiceIc.52・53
Asforthepropertiesofliquidwater,ithasbeenreportedbycalorimetric
studiesthatisobaricspecificheat(のofwaterconfinedwithinMCM-41and
silicagelshowssteepdecreaseaccompanyinga'broadpeak,anddeviates
significantlyfromthatofthebulkliquidwaterat～230K.17Suchthe
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anomalyinCl)hasoftenbeendiscussedrelatedtothetwoliquidstatesanda
liquid-1iquidcrossover(LI」C)orfragile-strongcrossover(FSC)predictedin
thebulkwater.81twasalsoobservedthattheglasstransitionoftheconfined
wateroccurs『between115Kand210K,dependingontheporediameters.17
Furthermore,dynamicpropertiesofthewaterconfinedinMCM-41have
beenstudied'byquasi-elasticneutronscatteringexperiments(QENS).13・561t
hasindicatedthepresenceofadynamiccrossover(i.e.FSC)aboveTg.This
crossoverconvertswaterfroma`fragile'1iquidabovethetransitiontoa
`strong'1iquidbelowit
,whereinfragileliquidshowsnon-Arrhenius
T-dependence,whilestrongliquidshowsArrheniusT-dependence.75・76The
locusofLLCorFSCwasoftenbelievedtobeontheso-calledWidomline.
However,someofthedetailsoftheseissuesareratherspeculativeandhave
beenquestioned.77'79
2.2.3.WaterinCarbonNanotubes
Car『bonnanotubes(CNTs)arecylindricaltubesconsistingofarolled-up
graphenesheet.21・80'81Theirstructuresarespecifiedbyapairofintegers
(n,m)referredtoasthechiralindices.Theintegersnandmdenotethe
numberofprimitivelatticevectorsingrapheneandassignhowthegraphene
sheetiswrapped[seeFig.2.11(a)].CNTsareclassifiedintotwocategories:
single-walledcarbonnanotubes(SWCNTs)andmulti-walledcarbon
nanotubes(MWCNTs).AschematicillustrationofanSWCNTisshownin
Fig.2.11(b).
SWCNTsconsistofasinglesheetofgraphene21,whileMWCNTshave
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multiplerolledlayersofgraphene80'81.Whenfabricated,tensorhundredsof
SWCNTsaggregateintobundles,formingatwodimensionalhexagonal
lattice,asshowninFig.2.11(c).
AlthoughCNTsaremadeofhydrophobicgraphenesheets,experimental
studies,includingX-rayscattering,81・25neutronscattering,83nuclear
magneticresonance,84'88andopticalmeasurements89'90haverevealedthat
watercanbeconfinedinopen-endedCNTs,aswellas
theoretica1/computationalcalculations.89・91・92Directo『bservationofwater
fillinghasbeencarriedoutinMWCNTsusingtransmissionelectron
microscopy(TEM).93・940thertheoreticalstudieshavebeenusedtoclarify
waterstructuresincludinghydrogenbondinginsideSWCNTs.95・961twas
alsoreportedthatfluidtransportratesthroughCNTsareexceptionally
rapid,94・97'101andrapidprotontransportthroughasinglefileoforiented
waterwasalsosuggestedbycomputationalsimulations.102Sincenano-scale
hydrophobicchannelsaresimilartobiologicalchannels,SWCNTshavethe
potentialtobeusedforvarious『biologicalapplications.59・103Froma
technologicalperspective,water-CNTsystemscouldhavenovelapplications
suchasnano-filtration,67・104'107molecularnano-valves,27・108molecularwater
pumps,109nano-scalepowercells,110'112andevennano-scaleferroelectric
devices.28・68Thus,water-CNTisasystemofgreatinterest.However,phase
behaviorofwaterconfinedinCNTsisnotwellunderstood.Therefore,inthis
work,theglobalphaseofwaterconfinedinSWCNTshasbeensystematically
investigated.
TheoreticalstudiespredictthatwaterconfinedinSWCNTswithsmall
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diametersundergoesaliquid-solid-1iketransitionbelowroomtemperature
andfbrmsorderedtubularicestructures,theso-calledicenanotubes(ice
NTs).29'31Detailedenergeticsoficenanotubeshave『beenpreviously
discussed.113・114Thefbrmationofhelicalice-sheetswasalsopredictedinthe
physiologicalcondition.1151npreviousXRDstudies,weexperimentally
provedtheformationoficeNTsinsideSWCNTswithdiametersbetween1.17
and1.44nm26'28andfbundthatthemelting/freezingtemperatureoficeNTs
increasedwithdecreasingSWCNTdiameter,刀.26Thisdiameterdependence
isoppositetothatofwaterinlargerdiameterpores(>about2nm),where
themelting/freezingtemperaturedepression丘omthatofbulkwateris
inverselyproportionaltothecapillarydiameter,52'55・116'120followingthe
modifiedG-Tequation.Suchanomalousbehaviorsofwater-SWCNTsystems
havebeenreproduced'byrecentcomputationalstudies.121・122
ThesereportsonSWCNTsweremadewithsmaller-diameterSWCNTs
(刀 く ～1.4nm),andveryrecently,studieswiththickerSWCNTshavealso
beencarriedout.Computationalstudieshavepredictedtheexistenceofmore
complexstructuresfbrnano-iceencapsulatedinsidethickerSWCNTs.122・123
ForSWCNTswithdiametersofabout1.4nm,iceNTsencapsulatinga
one-dimensiona1(1D)waterchain83wererevealed'byacombinationof
moleculardynamics(MD)calculationsandneutronscatteringexperiments.
InadditiontothefilledstructureswithaIDwaterchain,othertypesof
nano-icemorphologies,suchasmultilayericeNTsandmultilayericehelixes,
werealsodemonstratedbyMDcalculationsusingSWCNTswithdiameters
between1.35and1.9nm.122・123Dynamicpropertiesofwaterinsidethick
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CNTshave『beenstudiedbyneutronscatteringexperiments.15Using
double-walledcarbonnanotubes(DWCNTs)havinganinnerCNTwitha
diameterof1.6nm,afragile-strongtransition(orcrossover)waso『bserved
around190K.Inaddition,theresponseofdynamicrelaxationtimeto
appliedpressurewasmeasuredusingSWCNTswithadiameterof1.6nm.124
1twassuggestedthatfreewatermoleculesdiffusingwithintheSWCNT
matrixremarkablyslowdownwithincreasingpressurebetween260Kand
220K.
Asseenabove,experimentalreportsonwaterwithinthickCNTsarestill
few.SystematicstudieswithSWCNTsofvariousdiametersarethus
interestingtoclarifythestructure,dynamicsandphase『behaviorlinkingto
thoseinthebulkregion.
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Figure2.11.Schematicillustrationof(a)agraphenesheet,(b)a
single-walledcarbonnanotube(SWCNT),and(c)abundlestructureof
SWCNTs.In(a),aianda2aretheunitvectorsforthehexagonallatticeof
graphene.Chiralvector,Cii=nal+ma2,describeshowtorollupthegraphene
sheettoconstructanSWCNT;cutthesheetalongthelineOBandAB',and
thenrollupitjoiningthesideOBandAB'.Thelengthofαisequivalentto
thecircumferenceoftheSWCNT.Tdenotestheunitlatticevectoralongthe
tubeaxisdirection.
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Chapter3
ExperimentalMethods
3.1.SamplePreparation
3.1.1.Single-walledCarbonNanotubes(SWCNTs)
SixSWCNTsampleswerepreparedfortheXRD,NMR,andelectrical
resistancemeasurements.ForanSWCNTsamplewithameandiameterof
1.46nm,rawsootwasobtainedbythearcdischargemethodandpurified
usingdensitygradientultracentrifugationpurificationtechniques.125The
otherfiveSWCNTsampleswithlargerdiametersweresynthesizedbythe
enhanceddirect-injectionpyrolyticsynthesis(e-DIPS)method.126,127An
exampleoftheas-grownSWCNTmatsynthesizedbythee-DIPSmethodcan
beseeninFig.3.1(c).Becausetheas-grownsamplescannotallow
introductionofwatermoleculesinsidetheSWCNTs,theywereheat-treated
inairtoopentheSWCNTwalls.27Thesesampleswerecharacterizedby
opticalabsorptionandXRDmeasurements.
Figure3.1(a)showstheobservedXRDprofilesofthedrysamplessealed
insidetheXRDquartzcapillariesafterbeingdegassed.Wecanseethewell
developeddistinctBraggpeaks,indicatingthatthesamplesarehighlypure
andtheSWCNTsarewellbundled.Asreportedpreviously,theobserved
peakswereindexedaccordingtothe2DhexagonallatticeofSWCNTs,as
showninFig.3.1(b).27'82'25'26'128'1291nFig.3.1(a)itisclearlyseenthatthe
Braggpeakpositionmovesdependingonthesample.Thisreflectsthe
variationofthemeanSWCNTdiameter.Withdetailedanalysesofthe
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profiles,asdescribedlater,itwasfoundthatthesamplepreparedbythearc
dischargemethodhadameandiameterof1.46nm,asindicateda『bove,with
adistributionofabout±0.12nm.Thesamplespreparedbythee-DIPS
methodwerefoundtohavemeandiametersof1.68,1.94,2.00,2.18,and2.40
nm,withadistributionofa'bout±0.25nm.(Here,thediameterdistribution
meansthatoftheaverageddiameterwithinabundle.)TheSWCNT
diameterisdefinedasthediameterofacylindercoveringthecar『bonnuclei.
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Fig.3.1.(a)XRDprofilesofdrySWCNTsampleswithmeandiametersof
1.46,1.68,1.94,2.18,and2.40nmfromthebottomtothetop,respectively.
Theprofileswereartificiallyshif七edverticallyfbrconvenienceofviewing.
ThearrowsindicateBraggpeaksindexedto(10),(11),(20),and(21).(b)
SchematicillustrationofacrosssectionofSWCNTbundle.The2D
hexagonallatticeofthebundleindexestheBraggpeakswell.Thedashed
linesinreddefinesthe(10)plane,andthesolidgreenlinesdefinethe(11)
plane.(c)Photographofanas-grownSWCNTmatobtainedbythee-DIPS
method.
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3.1.2.Zeolite-templatedCarbon(ZTC)
Asynthesisprocedureofthezeolite-templatedcarbon(ZTC)isdescri『bed
brieflyasfollows.First,carbonisintroducedintothenanochannelsofzeolite
YThentheresultingzeolite/carboncompositeiswashedwithanaqueous
HFsolutiontoremovethezeolite.Finally,ZTCiso'btainedasaresidue.A
proposedmodelfbrZTCisbucky'bow1-likenanographenesassem'bledintoa
three-dimensionalregularnetwork.24Fig.3.2illustratesaproposedmodel
structureofaZTCcrystalanditsidealcomposite.Theidealcompositeis
C36Hgwithasmallcontentofoxygencontaminant(～5at%).24Remarkable
characteristicsofZTCareitsunifbrmnanoporeswithadiameterof～1.2nm
anditshighspecificsurfaceareaofupto4000m2/g.
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Fig.3.2.IdealstructuralmodelproposedforZTC.Lef七:viewedfromthe[110]
direction.Right:unitcellcontainingeightC36Hgunits.Hydrogenatomsare
omittedfromthefigureforsimplification.
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3.2.PowderX-rayDiffraction(XRD)Study
3.2.1.XRDExperiments
PowderXRDmeasurementswerecarriedoutusingsynchrotron
radiationwithawavelengthofO.100nmattheBLIBandBL8Bstationsin
thePhotonFactory(PF)facility,KEK,Japan.ThediffractedX-rayswere
recordedasatwo-dimensiona1(2D)imagedatawithanimagingplate(IP).
The2Dimagedataisintegratedalongthedirectionofscatteringangle,2θ,
withawidthof100pixelstoobtainone-dimensiona1(1D)data.The
resolutionforthescatteringangleofthediffractedX-rayswasO.03degrees,
andcameralengthoftheIPis191.28mm.TheamplitudeoftheX-ray
scatteringwavevectorisdefinedby9ニ4πsine/7し.
TheSWCNTsamplesweresealedinthinXRDquartzcapillarieswitha
typicaldiameterofO.5mmorO.7mm,afterbeingthoroughlydegassed『by
heatingabove770Kinadynamicvacuum.Forthewetsamples,theheat
treatedSWCNTsamplesinairweresealedwithsaturatedwater(H20)
vaporofultrahighpurityatroomtemperature(RT).
Ontheotherhand,thedryZTCpowderwassealedinsideaXRDquartz
capillarywithadiameterofO.7mmaf七eritwaswellpumped.Inthewet
sample,theZTCsamplewassealedwithsaturatedwatervaporatRT.
Inthesemeasurements,thesampletemperaturewascontrolledbya
gas-blowtypecryostatfromRigakuinatemperature(の一rangeof100-350K,
holdingtheotheremptysideoftheXRDcapillariesatRT.Therefbre,the
measurementswiththewetsamples'belowRTwereperformedundera
saturatedvaporconditionatthemeasurementtemperature.
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3.2.2.XRDSimulationswitha且omogeneousChargedHollowCylinder
Model
SimulationsofXRDpatternsforSWCNTbundleswereperformedusing
ahomogeneouscharge-distributionmodelfortheSWCNTs,inwhichthe
SWCNTsaremodeledashollowcylindersofuniformelectrondensity,
formingbundlesofaclosepackedhexagonallattice.128'129Analysesofthe
XRDpatternsarebrieflydescri『bedbelow.
ThediffractedintensityI(¢)fbrthescatteringvectorζ}isgivenby
theelectrondensityρ∫(→r)inthesample:
　　
・(9)・c琴レ(デ)・XP(1σデ)d9一耳 石2写・XP(如 蕩2恥 σ)N・(の)・(3'1)
wherethesummationisdoneoveralltheithSWCNTbundleswithvolume
Viinthesample・Thesumofliistakenoverallthelatticepointsろ
,、inthe
ithbundleandgivetheusualLaueconditioninthecaseofalargecrysta1.
TheLauefunctionisapproximatedtoapeakfunction,pG(i)(2)whichhasits
maximumvalueatthereciprocallatticepointsG.2>σωisthenumberof
equivalentdif丘actions.1弓・isthefbrmfactorofanSWCNTandiswritten
as:
召 一∫ρ(〆)eXP(∫σ ア')dV,(3-2)づ
where〆isapositionvectorfromtheaxialsymmetryaxisoftheSWCNT.In
addition,thediameterdistributionoftheSWCNTs,assumedtobea
Gaussiandistri'bution,isincludedinthecalculations.Thebackground
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diffractionintensityisassumedinthefbrmofexp←ρ2/わ)withaparameter
わ.
WhentheSWCNTsencapsulatemolecules,一,P}isrewrittenas:
κ 一∫{ρ血、。(7')+ρ(ア')}eXP(∫◎ ・7)dV,(3-3)
whereρtube(→')andρ(7)aretheelectrondensitiesaveragedinthei七h
bundlelbrSWCNTsandtheadsorbedmoleculesinsideSWCNTs,
respectively.Inthepresentstudies,thewaterdensityprofilefunctionρ(ア')
insidetheSWCNTswascalculatedfromthemolecularcoordinatesobtained
fromthecorrespondingMDcalculations.
3.2.3.XRDSimulationswithSWCNTModels
Inhomogeneouschargedcylindermodeldescri『bedin3.2.2,becausethe
atomicarrangementsaresmearedout,theirinformationislost.Besides,the
modelcannotbeappliedtothesmallbundles.Thus,usingtheForcitetoolin
MaterialsStudio6.0(AccelrysSoftware,Inc.),thecalculationsofXRD
patternswerealsoperformed'basedontheDebyefbrmula:
・(e)一Σ]:f.f.ve'(9i"")(3-4)
Here,eistheamplitudeofthescatteringvectorandisgivenby
9=4πsinθ/・ILforascatteringangle2θandanX-raywavelengthofλ.、1
(Q)isthediffractionintensityate,fnisthescatteringamplitudefromthe
n-thatom,and㌦.isthedistancebetweenthen-thandm-thatoms.Forthe
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simulations,abundleofnineSWCNTswithdiametersrangingfrom2.Oto
2.8nmwasmodeled,wherethediameterdistributionoftheSWCNTsinthe
bundlewassetreferringtothatobtainedbytheprevioussimulations.XRD
patternswerecalculatedwithvaryingwatercontentsinsidetheSWCNTs.
HereMDsimulationsofthesystemswereperfbrmedtoobtainwater
structuresateachtemperaturefortheXRDcalculations.
3.3.NuclearMagneticResonance(NMR)Measurements
2D(d
euteron)andlH(proton)-NMRexperimentsonheavyandlight
water-SWCNTsystemswereconductedusingapulsedFouriertransform
NMRtechnique,ataconstantfieldof4.012Tinthetemperaturerangeof
100-350K.TheresonancefrequenciesfortheLarmorprecessionof2Dand
lH
nucleiinthefieldof4.012Tare26.22MHzand170.8MHz,respectively.
FortheNMRmeasurements,theentiresampletubecontainingSWCNTsor
ZTCwascontrolledtobealmostuniformtemperature.
TheNMRspectrawereobtainedbyFouriertransformationoffree
inductiondecay(FID)followingradiofrequency(rDpulses.Atypicalwidthof
π/2pulseis8-10psin2D-NMRand4-6psinIH-NMRforwet-SWCNTs,
while8-10psin2D-NMRand2-611sinIH-NMRforwet-ZTC.
Thespin-1atticerelaxationtimeTiofthe2D-NMRwasmeasuredusinga
saturationrecoverymethodorinversionrecoverymethod.Assuming
quadrupoleinteractionandisotropicrotationofwatermolecules,theTiwas
analyzedusingtheformulai30
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÷一あ團 〔2η1+3〕[1+(訣飢ア+1+4撫顛ア]・(3-5)
wherethequadrupolecouplingconstantofe2qQ/hニ195kHzandits
asymmetricparameterofηニ0.1wereusedfortheheavywatermolecule.131
TheNMRfrequencywasω/2H=26.22MHz.
3.4.ElectricalResistanceMeasurements
Forelectricalresistancemeasurements,theSWCNTmatswereformed
intothinfilmswithdimensionsof3×9mm2af七erheat-treatmentinairto
opentheSWCNTwalls.Resistancemeasurementswereperformedina
four-terminalgeometrywithgoldelectrodesontheSWCNTfilm.The
resistancewasmeasuredina7Lrangeof120-473Kwithagas-flowtype
cryostat(JEOL).TheSWCNTfilmswerewelldriedinvacuumat473Kand
thenexposedtosaturatedwatervaporatRT.Insomecases,environmental
gasesatapressureofO.1MPawereintroducedwithwatervapor.
3.5.OpticalMicroscopicObservations
SWCNTsamplesweresealedintoXRDquartzcapillarieswithsaturated
watervaporatRTforopticalmicroscopico'bservations.Theprocedurefor
samplepreparationandwatervaporintroductionisthesameasthatinthe
XRDexperiments.ThecapillaryisO.7mmindiameterand～20mmin
length.
Thesamplewasattachedonheating/coolingstage(Linkam,10086L、)
withsiliconegreasetoimproveheat-transferresistance.Thetemperatureof
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thestagewascontrolledbetweenRTand150KbycooledN2gas.Thesample
chamberwasheldwithvacuumduringtheobservation,avoidingfrost
growthonthesurfaceofthesampletube.Cooling/heatingrateofthesample
was10K/min.Photographsweretakenevery5seconds.
3.6.CalorimetricMeasurements
Differentialscanningcalorimetry(DSC)measurementswerecarriedout
usingaDSC650fromShimadzuLtd.inthe71rangeof130-330Kasa
functionofwatercontent.TYpicalsamplevolumewasa『bout4mg,whichwas
sealedinsideanaluminumcellwithultrapurewater.Theiso『baricspecific
heat(G)wasdeterminedfromanalysisoftheDSCsigna1,whenthe
temperaturewascontrolledinastep-wisemanner,todiminishtheeffectof
T-variationoftheisothermalbaseline.i32Thecontributionfromtheconfined
waterinZTCwasobtainedbysubtractingthedatatakenfordryZTC.
3.7.ClassicalMolecularDynamics(MD)Simulations
Classicalmoleculardynamics(MD)calculationsforwater-filled
SWCNTswerecarriedoutusing`MaterialsExplorer5.0'(FujitsuLtd.).
WatermoleculesweredescribedbytheTIP3Pmodel133fbrthe
simulationsinChapter3andbytheSPCIEmodeli34inChapter4and5.Both
TIP3PandSPCIEmodelstreatthewatermoleculeasarigidbodyandhave
threeinteractionsites,namely,oneoxygenatomandtwohydrogenatoms.
TheyaredifferentinmoleculargeometryandparametersforLennard-Jones
(L.J.)potentialandCoulom'binteractionpotentia1(seeTable1),causing
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significantdifferencesincalculated『bulkpropertiesforliquidwater.For
instance,ithasbeenreportedthattheself-diffusioncoefficientandO-O
radialdistributionfunctionofSPC/Emodelgivesbetteragreementwiththe
experimentalvaluesforbulkliquidwaterthantheTIP3Pmodel.135・136Asfar
asthesimulationsfbrnano-confinedwaterinsideSWCNTsareconcerned,
previousworksusingthesewatermodelssuccessfullyreproducedobserved
structuresandphasebehaviorsinwater-SWCNTsystems.28・121
3.7.1.ModelSystems
(1)Water-SWCNTsystems
Topreventunreasona『bletranslationalmotionofmacroscopicwater
clustersatlowtemperature,someartificialatomswithsmallinteraction
parameterswiththewatermoleculeswerelocatedinsidetheSWCNT.The
SWCNTandartificialatomswerefixedinasimulationcel1.
(II)Water-ZTCsystems
ThewatermoleculesweredescribedbytheSPC/Ewatermodel.We
performedtwotypesofsimulations,IandII.InsimulationI,aZTCcrystal
consistingof8unitcells(4.814nm×4.814nm×4.814nm)wasfixedatthe
centerofalargersimulationce11(10nm×10nm×10nm)toinvestigatethe
wateradsorptionprocess.InsimulationII,thecellsizewasthesameasthat
oftheZTCcrysta1(4.814nm×4.814nm×4.814nm),andwatermolecules
werealwaysconfinedinsidetheZTC.
SimulationIIwasperformedfor3112watermolecules,correspondingto
thedensityofthewaterclusterobtainedinsimulationI.
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3.7.2.CalculationCondition
Theinteractionpotential,Vww,amongthewatermoleculesisthesumof
theLJ.potentia1,VL .J.,『betweentheoxygenatomsandtheCoulom『b
interactionpotential,%。ul。mb,ofthechargesbetweenwatermolecules:
臨W一多4掴 一〔訓+罵4詰 距(3-6)
Here,rガisthe・xygen(0)一 ・xygen(0)distance,ε・・andσ ・・areLJ・
parametersfbrtheO-Ointeraction,rimisthedistance『betweenthepoint
charges(7iand%inadifferentwatermolecules,andεoisthedielectric
constantofvacuum.Theinteractionpotentialsofwatermoleculeswith
carbonatomsinanSWCNTorZTCandwiththeartificialatomsarealso
given'bytheLJ.potential.TheLJ.parametersfbrthepresentstudyare
listedinTable2.Hereεocandσocwereestimatedfromthe
I」orentz-Berthelotrule,εoc=εoo・εccandσoc=(σoo+σcc)/2,using
εccニ28Kandσcc=0.34㎜.Thecut-offlengthforboththeL.J.potential
andtheCoulom'binteractionpotentialwassetto2.Onm.
TheequationofmotionwasintegratedusingtheGearalgorithmwitha
timestepof1.Ofs.Inthecalculations,thenum'berofmolecules(劫,volume
ofthesimulationcell(功,andtemperature(7)ofthesystemwereconserved
(NVTensemble).Thesystemtemperaturewascontrolledbythe
velocity-scalingmethodfrom500Kto100K.
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TIP3P spc1E
εOHlnm》 0.09572 0.1
θHOH(。 》 104.52 109.47
qoIC》 一〇.834e 一〇.8476e
qH(C》 0.417e 0.4238e
ε。一。1kB(K》 76.6 78.5
O。一。(nm》 0.3150610,317
囲
q,N
qo
噺 ＼4H
Table1.ParametersofpotentialfunctionsforTIP3PandSPCIEwater
models.133・134Therightfigureshowsthegeometryofawatermolecule.
eand左BdenotetheelementarychargeandBoltzmann'sconstant,
respectively.Inref.134,theI.ennard-JonespotentialfunctionfortheSPCIE
modelisdescri『bedasVLJ=一(A/■)6+(B/r)12,whereA=0.37122(kJ/mol)1/6nm
andBニ0.3428(kJ/mol)1/12nm.Inthepresentstudy,weconvertedthisoriginal
flnctionintotheoneshownintherightsidefirsttermofequation(3-6)for
COnVenienCeinSimUlatiOnS.
ε1kB(K》σ(nm》
TlP3P{0》-SWCNT{C》 46.3 0.327531
TIP3P(0)-artificialatom5.3 0,245
spc1E(o》-SWCNT{c) 46.9 0,329
sPc1E(o)-artificialatom5.3 0,245
Table2.Lenard-Jonespotentialparametersforthepresentstudy.Atomic
speciesintheinteractionarenotedinbrackets.左BisBoltzmann'sconstant.
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3.7.3.Analyses
Ther・tati・nalc・rrelati・nfuncti・nsC,(∂一 〈pe{c・sθ(∂}LPe{c・sθ(0)}〉,
wherepe[cosθ(t)]denotesaLegendrepolynomialofrank4,werecalculated
forawatermoleculefromtheMDresults.Here,C2(∂canbeobtainedfrom
NMRandlightscattering137,whileCl(')isobtainedfromdielectric
spectroscopy.Therefore,theC2(∂wascomparedwiththeNMRresults:
C・(t)一圭〈3c・s2θ(∂-1>一圭〈3{繭(・)}2-1>・(3-7)
where尾(')isaunitvectorpointingtowardamolecularaxis,andθ(∂isan
anglebetween舜i(∂and瓦(0).Whentherotationalcorrelationfunction
decaysnon-exponentiallywithtime,itisoftendescribedbytheKohlrausch
expresslon・
Cル 卿 ト(〃τ測,6e≦1.(3-8)
Inthepresentcase,itwaswellreproducedusingthisexpressionwiththe
fractionalexponent,6e=05-0.6.Theself-diffusioncoefficient刀wasalso
obtainedbycalculatingthemeansquaredisplacementfromtheMDresults.
Fortheseanalyses,thesystemtemperatureintheMDsimulationwas
controlledinastepwisemanner'between500Kand100K.Thesystemswere
keptinsimulationsateachtemperaturefbrmorethanlnstoachievetheir
eqUilibriUmState.
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Chapter4
GlobalPhaseDiagramofWaterConfined
insideSWCNTs
4.1.ResultsandDiscussion
:Wet・dryTransitioninSWCNTswithDiameter」D>1.6
nm
4.1.1.XRDofWater-SWCNTs
Figures4.1(a)一(d)showtypicalXRDprofilesofwater-SWCNTswith
diametersof1.68,1.94,2.18,and2.40nm,respectively.Inallofthese
profiles,theBraggpeaksindexedto(10)wereclearlyo『bservedat(Egニ2.5-
3.5nm-1.AsshowninFig.4.1(b),theprofileat340Kcoincidedwiththatof
theemptySWCNTs.ThissuggeststhattheSWCNTsdonotadsorbwaterat
highertemperatures.Whenthetemperaturewasloweredto300K,the(10)
peakintensitygreatlydiminished.Ithas'beenknownthatthe(10)peak
intensityisparticularlysensitivetoadsorptionattheinnercavityof
SWCNTsandtheinterstitialsitesoftheSWCNTbundle.25-27'82'129Here,the
analyses,discussedlater,indicatethattheSWCNTsdominantlyadsorbed
waterinside.Whenthetemperaturewasloweredbelowacertain
temperatureT.d,theXRDprofilessubstantiallychanged[Figs.4.1(a)一(d)];
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the(10)peakintensityfromtheSWCNTsampleswith刀>1.6nmpartially
recoveredbelowT.d.(Here,T.disdefinedfbrtheheatingprocess,aswillbe
showninFig.4.2.)Inthesemeasurements,theaveragerampspeedofthe7▼
variationwasfixedataboutlK/min.AsshownintheinsetinFig.4.1(a),the
drySWCNTsampleexhibitedlittlechangeintheXRDprofileovertheentire
Trange.Hence,theo'bservedanomalousincreasesshouldbecausedwith
water.
Figure4.2summarizesthe7▼dependenceofthe(10)peakintensityfrom
theSWCNTsamplesinwatervapor.Itisfbundthatthe"anomaly"in
temperaturedependenceofthe(10)peakintensity,mentionedabove,
systematicallychangeswithincreasingSWCNTdiameter;T.dandthe(10)
intensitymuchbelowT.dincreasedaccordingtotheSWCNTdiameterfbr
thethickerSWCNTsamples.Ontheotherhand,the(10)intensityofthe
1.35nmSWCNTsample,asreportedpreviously,wasalmostconstantover
theentireTrangeexamined.Anincreaseinthe(10)intensitysimply
suggestsadecreaseinwatercontent.Adetaileddiscussionisgiveninlater
sectlons.
FurtherXRDmeasurementswereperfbrmedtoexaminetheeffectof
heat-treatmentoftheSWCNTsamplesontheobservedlowtemperature
anomaly.Asmentionedin3.1.1.,theheat-treatmentisusuallyperformedto
opentheSWCNTs'walls.Thisenablestheadsorptionofwaterinsidethe
SWCNTs.Fiveas-grown1.68nmSWCNTsampleswereheatedinairlbr
differenttimesuntiltheirweightswerereducedby5,10,20,50,and80%,
respectively.The7▼dependenceofthe(10)Braggpeakintensityfbrthese
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SWCNTsamplesinwatervaporisshowninFig.4.3(a).The(10)intensity
fromthesampleswithweightlossof5and10%wassubstantiallylarger
thanthosefromtheotherwel1-heatedsamples.Itispresumedthatthe
SWCNTsinthesetwosampleswerenotopenedsufficiently.Ontheother
hand,whenthesampleweightwasreduced'bymorethan20%,the(10)
intensitydecreasedsubstantiallyataround300Kandexhibitedthe
anomalousincreases『belowT.d.These『behaviorsdidnotdependonthe
heat-treatmenttimeoncethewallsoftheSWCNTswereopenedenoughto
allowtheintroductionofwatermolecules.Similarexperimentswere
conductedonthe2.40nmSWCNTsamplesaswel1.Inthiscase,thesamples
wereheatedfortwodifferenttimeperiodsat6000Cinair,13minand38min.
TheresultsareshowninFig.4.3(b),alongwiththoseforanas-grownsample.
Evenfortheas-grownsample,waterwassuggestedto'beencapsulated
insidetheSWCNTsat300K,probablyduetothepresenceofopeneddefects,
andtheremay『beatraceofaslightincreaseinthe(10)intensitybelow240K.
Theresultssuggestthattheanomalyhardlydependedonthedegreeofheat
treatmentinthesesamples.
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4.1.2.NMRinWater-SWCNTs
Weperf・rmed2D-NMRexperiments・nD20-SWCNTsystemst・ ・btain
informationonthedynamicalnatureofwaterinsidetheSWCNTs.TheNMR
spectraandTdependenceofthesignalintensityareshowninFig.4.4.
NarrowNMRlineswereobservedaboveabout240Kinallthesamples
examined.Thisimpliesthatthewatermoleculesexhibitfastmolecular
motionintheNMRtimescale.Thisphenomenonisknownasthemotional
narrowingeffectontheNMRspectrum.130・138Themotionalnarrowing
conditionisgiven『by(27プ)τ<<1,whereτisthecorrelationtimeofthe
relevantmotionandfistheNMRspectralwidthinthestaticlimit.Inthe
presentcase,!must『beabout200kHzduetotheelectricalquadrupole
interactionwiththeelectricfieldgradientatthenuclearsiteinaD20
molecule.85(Notethatthe2Dnuclearspinhasanelectricalquadrupole
moment『becauseofspinノ」1.)Thisinteractionisalmostdominatedbythe
intra-molecularnatureoftheD20moleculeandthelinebroadeningis
causedbyanisotropyoftheelectricfieldgradientcom'binedwiththe
distributionintheorientationofthewatermolecules,henceτshouldbe
therotationalcorrelationtimeforthewatermolecules.Thenarrowed
spectraimplythepresenceofrotationalmotionfasterthanthetimescaleof
1σ5secatleastabove240Kinallthesamples.However,thespectrawere
notextremelynarrowbutexhibitedsmalldou『blepeakedstructureswitha
separationofabout2kHz.Similarspectrahavebeenreportedina1.35nm
SWCNTsamplewithwater.85Whiletheoriginofthedoublepeaked
structuresisnotfullyunderstood,thisisprobablyduetoaslightdeviation
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fromtheisotropicmolecularrotationofwatermoleculesinSWCNTs;water
moleculesmayhaveaweakpreferentialorientationinsideSWCNTs.
Withloweringofthetemperaturebelow240K,theNMRintensity
drasticallydecreased.ThisisclearlydemonstratedinFig.4.5wherethe
NMRintensitymultipliedbyTisplottedasafunctionofT.(Notethatthe
nuclearmagnetization,whichisobservedthroughNMRmeasurement,is
proportionalto1/7▼withintheusualhightemperatureapproximation.)In
Fig.4.5,wefindthattheintensitybeginstodecreasesubstantiallybelowa
certaintemperatureTNMR,whichisclosetoT.d,whiletheintensityisnearly
constantaboveTNMR.ThisiscausedbythebroadeningoftheNMRspectra
beyondtheobservationwindowoftheNMRsystemusedinthepresent
experiments,suggestingtheslowingdowninrotationalmotionofwater
moleculesatlowertemperatures.ThelossintheNMRsignalduetofreezing
ofmolecularmotionisclearlydemonstratedinthebulkD20waterinFig.
4.4;thespectracompletelydisappearedwithfreezingofwater『below275K.
MoreinsightintothewaterdynamicsinSWCNTswasobtainedfrom
lH-NMRoftheH
20moleculesadsorbedinthe1.94nmSWCNTsample.
Figure4.6showstheobtainedspectraandtheirline-widthsasafunctionof
temperature.Itwasfbundthatthespectrao『bserveda『boveTNMRaremuch
sharperthanthoseinthestaticlimit(FWHMofabout50kHz).Thisis
similartothe2D-NMRspectra,butinthepresentcase,motionalnarrowing
iscausedby『bothrotationalandtranslationmotionsofwatermolecules
becauseIHwithspin、1=1/2isanon-quadrupolenucleusandthespectral
widthisdeterminedbyboththeintraandintermolecularIH-1Hdipolar
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interactions.Therefore,contrarytothecaseof2D-NMR,additional
informationonthetranslationalmotionofwatermoleculescanbeobtained.
Theo『bservedspectraaboveTNMRaremuchsharperthanexpectedfromthe
inter-dipolarinteraction,ofabout20kHz.Therefore,thenarrowedspectra
indicatethatthetranslationalmotionisfasterthantheNMRtimescaleof
10'5secab・veTNMR.C・mbinedwiththeresults・fXRDand2D-NMR,the
aboveobservationsstronglysuggestthatwaterintheSWCNTsisinaliquid
stateaboveTNMRNT.d.
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Fig.4.4.Examplesof2D-NMRspectrainwater-SWCNTsampleswithmean
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observation,thepulseFouriertransformtechniqueatafrequencyof26.24
MHzusingaH/2-pulsesequencewasused.Forcomparison,thespectraof
bulkwaterwerealsoobtainedatafrequencyof26.22MHz.Theoriginfor
theNMRshiftisarbitrary.
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4.1.3.ElectricalResistanceofWater-SWCNTFilms
Itisknownthattheelectricalresistanceofaheat-treatedSWCNTfilm
drasticallydecreaseswhenthefilmisexposedtowatervapor.27'82'139'140
Althoughthemechanismforthisisnotfullyunderstoodyet,onepossi『ble
explanationiscarrierdopinginthesemiconductingSWCNTsuponwater
adsorption.Ithasbeenreportedthateachindividualsemiconducting
SWCNT,oramixtureofmetallicandsemiconductingSWCNTs,showsglobal
.ρ一typesemiconductingbehavior,andtheadsorptionofwateractingasan
electrondonorchangestheconductivityoftheSWCNTsfrom」p-typeto
n-type.140'141ArecentstudybymeansofFouriertransforminfrared(FTIR)
a『bsorptionmeasurementshassuggestedthatwatermoleculesadsorbedon
SWCNTsinjectcarrierstothefirstsubbandofthesemiconducting
SWCNTs.142Anotherexplanationisrelatedtomechanicaland/orelectrical
modificationofinter-tubuleorinter-bundlecontactswithwater.Whenthe
contactresistanceamongSWCNTsinabundleand/oramongSWCNT
bundlesgovernsthe『bulkresistivity,watercaneasilyaffectthebulk
resistivitybymodifyingthenatureofthecontact,suchasthebundle-bundle
distance,andpotentialbarriersforelectronhoppingatthecontacts.Itis
worthnotingthatelectronhoppingamongconductingdomainsorlocalized
stateshas『beenreportedtoplayanimportantroleintheelectrical
conductionmechanismofmetalorsemiconducting-enrichedSWCNT
films.1431nanycase,resistivityisagoodmeasuretodetectwater
adsorption-desorptionpropertiesinthewater-SWCNTsystem.Actually,the
emptyingphenomenonofwaterorthe"exchangetransition"ina
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water-SWCNTsystemwithameanSWCNTdiameterof1.35nmwas
sensitivelydetectedbyresistivitymeasurementsinagasenvironment.27
Therefore,weperformedsimilarresistancemeasurementsforthe1.68nm
and2.00nmSWCNTfilmsinthepresentstudy.
Figure4.7(a)showstheresultsforthe1.68nmSWCNTfilminwater
vaporasafunctionoftemperature,alongwiththatofthedryfilmbefbre
waterexposure.Wefindthattheresistancesubstantiallydecreasedinwater
vapor,andevenbecamemetallic(d277dT>0)athighertemperatures.Thisis
similartotheresultspreviouslyreportedforthe1.35nmfilminwatervapor.
Besides,inthepresentcase,ananomalyinthe7▼dependenceappearedupon
fu,rtherdecreaseinTTheresistanceabruptlyincreased『belowawe11-defined
temperatureTRwithlargehysteresis.Essentiallythesame『behaviorwas
observedinthe2.00nmSWCNTfilmasshowninFig.4.7(b).Thesearequite
differentfromthebehaviorobservedinthe1.35nmSWCNTfilm,which
showedagradualchangewithlittlehysteresis,asshowninFig.4.7(b).The
o『bservedTRisveryclosetoTNMRandT.d,suggestingthesameoriginfor
theseanomalous'behaviors.
Theresistivityanomalyinthepresentexperimentsissimilartothat
observedinawater-SWCNTssystemwithameanSWCNTdiameterof1.35
nminagasenvironment.271nthatcase,theanomalywasexplainedby
"exchangetransition"
,inwhichwaterinsidetheSWCNTisreplacedbythe
environmentalgasmoleculesoncooling.Theexchangetransitionshould『bea
resultofthecompetitionbetweenwatermoleculesandenvironmentalgases
beingmorestableinsideSWCNTs.Weperformedsimilarexperimentsonthe
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presentthickerSWCNTsamples.TheresultsofXRDandresistivity
measurementsareshowninFigs.4.8(a)and(b)foroxygenandmethane
gaseswithO.1MPapressure.Themeasurementswereperformedon
water-SWCNTsampleswith刀 二2.00nmand1.94nm.Althoughthemean
diameterisslightlydifferent,'bothareessentiallythesamebecausethe
diameterdistri'butionfbr'bothismuchlargerthanthedifference.
Figure4.8(a)showstheeffectofenvironmentalgasesontheresistance.
WhiletheoxygenhardlychangedTR,themethaneledtoasubstantial
increaseinTR.Atalmostthesametemperature,wefbundthatthe(10)
intensityintheXRDpatternsalsogrew.Thesebehaviorsarethesameas
thoseinthe"exchangetransition".27Theincreaseintheresistance『belowTR
impliesdesorptionofwaterfromtheSWCNTs.Also,theincreaseinthe(10)
intensityindicatesadecreaseinelectrondensityinsidetheSWCNTs.Since
methane(oroxygen)moleculesaremorethinlypackedintheSWCNTs
comparedtowatermoleculeswithinthetemperaturerangepresently
examined,theinvasionofthesegasesintotheSWCNTslowerstheaveraged
electrondensityinsidetheSWCNTs.Animportantobservationisofbehavior
similartotheexchangetransitionevenwithoutthepresenceofenvironment
gasmolecules(nominally'below10-1Torr),whichimpliesthatwateris
ejectedfromtheinsideoftheSWCNTsintheabsenceofenvironmentgas
molecules,asdiscussedindetaillater.
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Fig.4.7.(a)Tdependenceoftheelectricalresistanceofthewetanddry
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4.1.4.Wet-dryTransitioninSWCNTswith、0>1.6nm
ToclarifyoriginoftheincreaseintheXRD(10)peakintensity『below鴛d,
weperformeddetailedsimulationsoftheXRDprofiles.Therearethree
possiblefactorsthatcouldcauseanincreaseinthe(10)intensityin
water-SWCNTsatlowtemperature:1)Achangeinthewaterdistribution
withintheSWCNTsbelowT.d,2)wateradsorptionwithininterstitial
channe1(IC)sitessurroundedbythreeneighboringSWCNTsbelow鴛d;the
diameterofICsiteisestimatedtobe伽0.155(-D+σ)withavanderWaals
gapdistanceσbetweenSWCNTs,and3)reductioninwatercontentinside
theSWCNTsasaresultofawet-dry(WD)typetransitionatT.d.
Thesepossibilitieswereexaminedindetailforthe2.40nmSWCNT
sample'bysimulatingtheXRDpatternswithahomogeneouschargedhollow
cylindermodel.ThesimulatedandobservedXRDpatternsareshowninFigs.
4.9(a),(b)and(c).TheXRDpatternsin(a)werecalculatedforthreedifferent
waterdensityprofilesρ(r),#1-3.Profile#1wasobtainedfromMD
calculationsat300K,whereinwatermoleculeswereencapsulatedinafixed
(20,15)SWCNTwithadiameterof2.381nm.Themeanwaterdensityper
unitlengthoftheSWCNTwasaboutllwatermoleculesperO.1nm
(molecules/nm).Profiles#2and#3arerepresentativeofmulti-shel1(layer)
structuresofice,asreportedintheMDcalculationsatlowtemperaturesor
highpressures.Theseareforthesamewatercontentofllwatermolecules
perO.1nm,butwithaslightdifferenceinthewaterdistribution;theinner
shellsofprofile#3arebroaderthanthoseinprofile#2.Wefbundfromthe
comparisonthattheo'bservedpatternat300Kiswellreproduced'by#1,
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althoughtherewerenosubstantialdifferencesbetween#1,#2and#3.In
contrast,thelowtemperaturepatternat160Kcouldnotbereproduced『by
anyreasona『blewaterdistributionincluding#1andthemulti-shell
structures#2and#3.Therefore,weassumedadditionalwateradsorptionat
theICsite,whereinthewatercontentwasexamineduptoO.6moleculesper
O.1nm.TheresultsareshowninFig.4.9(b).Evenforthiscase,althoughthe
(10)intensityincreased,theincreasedintensitiesweretoosmallto
reproducetheobservedanomaly.Finally,itwasfoundthatthewaterdensity
insideSWCNTsmustbereducedby～50%toreproducetheobservedprofile
atlowtemperatures.Thisimpliestheemptyin80fwaterwithdeαreasing
temperature.
InthepresentXRDsimulations,thedensityoftheconfinedwateris
averagedalongthetubeaxisoftheSWCNTs.However,the(10)peak
intensityslightlyvariesdependingonthedistributionofwatermolecules
alongthetubeaxisandthedistributionamongtheSWCNTsinabundle.
Thus,thiseffectaswellasaneffectofthefinitebundlesizewasincludedin
XRDsimulationsusingDebyeformula.Inthesimulation,abundle
consistingofthree(22,13),two(21,18),two(16,16),one(30,10),andone
(15,15)SWCNT,whosediametersrangingfrom2.Oto2.8nm,wasused.The
lengthoftheSWCNTswassettoabout4.6nm.Toobtaintheatomic
coordinatesofwatermoleculesinsidetheSWCNTs,MDsimulationsofthe
systemwereperformedtakingthewatercontentasaparameter.Inthecase
ofpartialwaterfilling,itwasfoundthatwatermoleculesformclusters
insideSWCNTs.
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ComparingthecalculatedpatternsinFig.4.10(a)withtheobservedones
showninFig.4.10(b),itisfoundthatthesimulationssuccessfullyreproduce
theobservedpatterns.ThewatercontentinsidetheSWCNTswas12
molecules/nmat290Kand6.2±1.6molecules/nmat150Kaveragedovera
bundleofSWCNTs.Theerrorismainlyduetotheuncertaintyinthelocation
ofthewaterclustersamongSWCNTs.Theseestimatedwatercontentsare
almostconsistentwiththosecalculated『bythehomogeneouschargedhollow
cylindermode1.
AsshowninFig.4.11,wealsoexaminedtheeffectofslowandrapid
coolingforthe2.40nmSWCNTsampleusingdetailedXRDexperiments.144
1twasfbundthatthe(10)intensity,i.e.thewatercontents,stronglydepends
onthetemperaturevariationsequence.Here,theheating/coolingrates
showninthefigurearetheaverageratesoftemperaturevariation
throughoutthewholesequenceofeachmeasurement,exceptforthedata
markedwithanasterisk,whichwasmeasuredataconstantcoolingrateof
1.OK/minwithoutbreaking.Whenthemeasurementswereperformedunder
acoolingrateofO.16K/min,the(10)peakintensityrecoveredupto72%at
around200K.Thisiscomparedto45%fbr1.OK/minand1.4K/min.Such
behaviourislikelycaused'bytheslowkineticsoftheemptyingprocess.On
theotherhand,whenthesamplewasquenchedfrom300Kto110Kwithin
a『bout30s,theincreaseinthe(10)intensitywasverysmal1.Then,upon
heating,theintensitystartedtoincreasearound160K.Thisbehavior
impliesthatthequenchedwaterat110KisfrozeninsidetheSWCNTsand
then'becomesmo'bileonheatinga'bove160K,leadingtoemptying.
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Onthebasisofthea『boveobservations,weproposethatT.disakindof
wet-drytransition(WDT)temperature.Theresistivityanomalyisconsistent
withthepresentinterpretation,becauseofthesimilaritytothoseinthe
"exchangetransition"ofwaterandenvironmentalgas
.TheNMR
o'bservationsindicatethatthedynamicmotionofwatermoleculesslows
downbelowTNMR,whichisclosetoT.d.ThismaysuggestthattheWDTand
thechangeindynamicpropertiesofwaterinsidetheSWCNTstakeplace
simultaneously.WealsonotethatT.d(andTNMR)lowerswithdecreasingthe
SWCNTdiameters.Sinceitisasimilar刀dependencetothemelting/freezing
temperatureT』ofthe『bulkwaterinacapillary52-55,weperformedatemporal
analysisusingamodifiedGibbs'Thomsonequation273-Tw、(D)=C/(D-Do)
withconstantsCandDo.Inthepresentcase,OandD(〕areestimatedto『be
about78K・ ㎜andO.3nm,respectively.HereD-D。isassumedtobethe
borediameteroftheSWCNTs,andDo側0.3nmisalmostequivalenttothe
thicknessofacarbonatom.(NotethattheSWCNTdiameterisdefinedwith
respecttothepositionofthecarbonnucleus.)
Inthesma11-diameterregion,ontheotherhand,waterexhi'bitsa
liquid-solid-liketransitionandformsiceNTs.Theliquid-solid-liketransition
temperaturedecreaseswithincreasingSWCNTdiameter,whichhasbeen
reproducedbyMDsimulations.121'1220ncooling,characteristicBraggpeaks
appearedarounde～22nm-1(and44nm-1)intheXRDpatternswhichwere
assignedtoone-dimensionalice,oriceNTs,asdiscussedin3.2.2..25-28
However,the2.40nmSWCNTsampledidnotshowanysuchpeaks,as
discussedlater,andevenovertheentireerangeexamined[seeFig.4.1(d)
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for(Eg<10nm-1].Thelackofsuchpeaksoforderedwaterwascommoninthe
thickerSWCNTsampleswith刀>1.6nmwithinthepresentexperimental
limitations.Thus,therewasnoXRDevidenceforthepresenceofanyordered
icestructuresfor刀>1.6nm.
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Fig.4.9.(a)SimulatedXRDpatternsofemptySWCNTsandwater-filled
SWCNTswithwaterdistributions#1,#2,and#3shownintheinset.Dashed
linesrepresentdataforawatercontent50%ofthatoffullwateradsorption.
ThemeanSWCNTdiameteris2.381nm.(b)SimulatedXRDpatternsof
emptyandwater-SWCNTswhoseICsiteswerefilledwithwater.Thesolid
linesrepresenttheprofilesforwhichO.3watermoleculeswerecontainedin
ICsitesO.1nminlength,whilethedashedlinesareforO.6watermolecules.
ThewaterdensitywithintheSWCNTsisthesameasthatin(a).(c)
ObservedXRDpatternsofthewater-SWCNTsamplewithameandiameter
of2.40nm.Temperaturevariedatarateof1.4K/min.
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Figure4.10.XRDpatternsofthewater-SWCNTsampleinthelowerange.a,
SimulatedXRDpatternsforbundleswithwatercontentsofO,50,and100%
ofthemaximumpossibleat300K.Thebundleconsistsofthree(22,13),two
(21,18),two(16,16),one(30,10),andone(15,15)SWCNT4.6nminlength.
ThewaterformsclustersplacedrandomlyinsidetheSWCNTsasshownin
theinset.a,TypicalexamplesofobservedXRDpatternsfortheSWCNT
samplewith」0=2.40nm.Temperaturevariedatarateof1.4K/min.
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Fig.4.11.CoolingratedependenceoftheXRD(10)peakintensityinthe2.40
nmSWCNTsamplefilledwithwaterat300K.Thecooling/heatingratesare
giveninthefigures.Theintensitywasnormalizedbythatoftheempty
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increasingT,respectively.Squaresdenotedatatakenwhileincreasing
temperatureaf七erquenchingto110Kfrom300Kwithinabout30s.AtA
andBforclosedsquares,temperaturewasheldfor70and120min,
respectively.
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4.1.5.OpticalMicroscopyObservationofWet-dryTransition
ToobtainmoredirectevidenceforWDT,wealsotriedin-situ
observationsofawater-SWCNTsamplethroughopticalmicroscopy.Asa
result,theappearanceanddisappearanceofwaterdropletsonthesurfaceof
SWCNTsaroundTwDT～220Kwereclearlyobserved.Thistookplace
reversi'blywithincreasinganddecreasingtemperature.Examplesofthe
photographstakenofanSWCNTsamplesealedwithwaterareshowninFig.
4.12.TheejectedwatercrystallizesintoiceIhasdiscussedlaterinChapter
5.
Fig.4.12.Opticalmicroscopeimagesaboveandbelow220K.
Thelef七imagewastakenat240K,whiletherightat200K.
waterisejectedasindicatedbythearrows.
Below220K,
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4.2.ResultsandDiscussion
:EffectofOpenEndsofSWCNTsonWaterStructures
4.2.1.MDCalculationsfbrWater-SWCNTSystems
Thegloba17L刀phasediagramobtainedsofar,asdiscusseda'bove,is
summarizedinFig.4.13.AnanomalouslineT.dwasfounda『bove刀〉 刀,～1.4
-1.5nminthepresentstudy.T.dwasproposedtobeaWDtypetransition
temperature.Wenowshiftourattentiontotheintermediatediameterrange
Oc.Inthis刀range,previousMDcalculationshavepredictedtheformationof
multi-layerstructuresoficeinsideSWCNTs.122'123Aone-dimensionalwater
chaininsideananotube-shellstructurewasalsofbundincomputer
simulations,83'91whichwasexperimentallyassignedtoultra-softdynamical
watero『bservedinneutronquasi-elasticscatteringexperimentsofa1.4±0.1
nmSWCNTsample.83Thesecalculationsdidnotfullyclarifytheeffectof
SWCNTedgeonthewaterstructure.Therelbre,thepresentMDcalculations
focusedonfinitelengthSWCNTstoexaminetheef£ectsofopenendsofthe
SWCNTsonwaterstructures.Toinvestigatetheeffectofopenendsof
SWCNTs,theso-called"edgeeffect",onthewaterstructureandadsorption
propertiesinsidetheSWCNTs,westudiedfinitelengthSWCNTsusingMD.
A1.429nmSWCNTwithanindex(12,9)withafinitelengthof5.2nm
wasmodeledfortheMDcalculationsandsetinasimulationcellwitha
parallelogrambasewithsidesα=わ=6nm,『baseanglesofθ=60Qand
lengthcof10nmsothattheSWCNTaxiswasparalleltothelongaxisc.
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Thecellwasfilledupwithwatermoleculeswhosenumbervariedinthe
rangeof100-230molecules.Thewatermoleculesweredescri『bed『bythe
TIP3Pwatermodel.133Athreedimensiona1(3D)periodic『boundarycondition
wasappliedtothesimulationce11.However,forasmallnumberofwater
moleculesina1.429nmSWCNTwithalengthof7.8nm,theperiodic
boundaryconditionwasnotappliedinordertosavethesimulationtime,
becauseinthiscasethefillingofwaterinsidetheSWCNTwasnotcomplete
andthewaterdidnotescapefrominsidetheSWCNTatleastatlow
temperatures.Inordertoensureafixednum『berofwatermoleculesinside
anSWCNTevenathightemperatures,flatwallsmadeofartificialatoms
werelocatedO.3nmfrombothendsoftheSWCNT.Thedimensionsofthe
simulationcellwerea=b=2nm,θ=600,andc=10nm.Toinvestigate
thesizeeffectoftheSWCNTbore,oneoftheLJ.parameters,σoC,was
slightlyvariedarounditsdefaultvalueofaoc=0.327531㎜.Thesystem
temperaturewasdecreasedfrom340Kto100Katarateof12.5K/ns.
TheresultsofthesimulationsareshowninFig.4.14.Interestingly,the
structureofnano-icefbrmedatlowtemperatureswasaffectednotonly'by
theSWCNTborediameterbutalsobythenumberofwatermoleculesinthe
presentsystems.ThehollowiceNTswerefbrmedwithasmallamountof
water.Interestingly,iceNTscontainingaone-dimensiona1(1D)waterchain83'
9i
appearedforalargeamountofwater[Fig.4.14(b),#4,#6,and#8].Thatis,
oncethehollowiceNTreachedtheSWCNTendswithincreasingwater
content,additionalwaterstartedtofilltheinsideoftheiceNT,fbrmingaID
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waterchain.ThisisdefinitelyaneffectofthefinitelengthoftheSWCNT(an
edgeeffeet).ThewatermoleculesareforcedtoentertheSWCNTasmuchas
possibleattheSWCNTopenedges.Asimilarobservationwasobtainedby
StrioloetalusinggrandcanonicalMonteCarlosimulations,91wherein,the
emptytu'bulestructurewaso'btainedduringdesorptionofwaterfroma(10,
10)SWCNTwithafilledwaterstructureat248K.Theresultsarevery
similartothepresentonescalculatedfortheNVTensemble.Furthermore,
aninterestingcaseisseeninthesystemsatthe『borderof6and7-membered
iceNTs[Fig.4.14(b),#3and#4].Whilethe6-memberediceNTformsata
lowwatercontent,furtherincreaseinthewatercontenttransformsthe
"6-mem『bered"iceNTtoa"7-membered"iceNTencapsulatingaIDwater
chain.
For'borediameterssmallerthana'bout1.02nm[Fig.4.14(b),#1and#2],
empty6-memberediceNTswereformed,irrespectiveofthenumberofwater
molecules.Ontheotherhand,forborediameterslargerthana『bout1.10nm
[Fig.4.14(b),#9],filledwaterclustersformedevenforsmallwatercontent,
whichthengrewwithincreasingwatercontent.Thenano-icestructures
predictedatlowtemperaturesaresummarizedinFig.4.14(a)asafunction
oftheborediameter,a=D一 σo。.Theresultsfortheintermediatediameter
(a『bout1.02-1.10nm)showthatwatermoleculesarestuckontheinnerwall
oftheSWCNTatfirst,andthenfillthehollowspacewithanincreasein
theirnumber.This『behaviordiffersfromthatinthebulk,wherewaterforms
aclusterwhenconfinedinanarrowcapillary.
Figure4.15showsthepotentialenergyperwatermoleculesforthetwo
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differentborediameters,(a)σoc=0.387531nmand(b)σoc=0.327531nm,as
afunctionoftemperature.Thepotentialisthesumofthecontri『butionsfrom
thewater-waterintermolecularinteractionandthewater-SWCNT
interaction.Itwascalculatedfortwodifferentwatercontentsof/Vニ175and
115,denseandsparsecases,respectively.Wefbundthatthepotentials
steeplydecreasedaround260Kfbr(a)and210Kfbr(b)oncooling.By
checkingthesnapshotstructures,thesewereassignedto"transition
temperatures"tothesolid-likeorderedstates,asshowninthefigures,from
theliquid-likedisorderedstates.Interestingly,thetransitionbehaviorofthe
filledstructures("7+1D"and"8+1D")andthehollow("7+hollow"and
"8+hollow")structuresareverysimilar
,whilethefilledstructuresfbrmedat
slightlyhighertemperaturesbyabout10K.Inaddition,thehollowiceNTs
werefoundtobemoreenergeticallystablethanthosecontainingaIDwater
chain.SimilarcomputationalresultshavebeenreportedbyShiomietaZ
Theymentionedthat8-memberediceNTsaresensitivetothesimulation
conditions,suchascoolingspeedandthetemperaturecontrolmethodused,
andtheyshowedthatthedifferenceinthestabilitywasmainlyattri'butedto
thewater-SWCNTinteractionpotential.121
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Fig.4.13.Globaltemperature-diameter(T-、D)phasediagramofwaterinside
SWCNTs.OpensquaresandfilledtrianglesdatawereobtainedfromMD
simulations『byShiomietθZ121andTakaiwaeta7.122,respectively.Filled
squaresandcirclesrepresentexperimentalobservations.Thedottedlineis
anextrapolatedmeltingpointfrombulkwaterwithD(〕 ニ0.3nm(see
text).52'55'146Right:hollowandfillediceNTscalculatedf()rSWCNTsat"a"
and"b"withdiametersofaround1.4nminthelef七figure.Thehollowand
fillediceNTsappeardependingonthewatercontent.AtDu1.5nm,
double-andtriple-shellstructureshave『beenproposedtoform.122'123
*:quenchedphasefromthehighT .
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figures.
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4.2.2.XRDMeasurementsoftheWater-SWCNTsintheIntermediate
DiameterRange
BasedontheresultsoftheMDcalculationsdescribedabove,wecan
discussXRDprofilesofthewater-SWCNTsintheintermediatediameter
range.Figure4.16(a)showsexperimentallyobservedXRDprofilesofa
water-filledSWCNTsamplewith刀=1.46nm,andFig.4.16(b)showsthe
differencebetweentheXRDpatternstakenathighandlowtemperatures.
AsreportedpreviouslyinthinSWCNTswithmeandiameters<1.44nm,25'27
twoBraggpeaks,AandB,appearedarounde～22nm-10ncooling.These
peaksindicatethepresenceofaIDorderedstructurewithaperiodicityof
a『boutO.28nm,whichcanbeassignedtoiceNTs.Figure4.16(b)alsoshows
thepatternforthe2.40nmSWCNTsamplefbrcomparison.Wefbundthat
the2.40nmSWCNTsampledidnotshowsuchpeaks,1ackinganyevidence
forIDorderedstructuresofice.Thepeaksforthe1.35nmSWCNTsample
havebeenanalyzedindetai1.25-27Figures4.17(a)and4.17(b)showthe
temperaturedependenceoftheintensitiesofpeakAandB.With刀二1.35nm,
peakAwaslargerthanpeakBatlowtemperatures,whilewith刀=1.46nm,
peakBwaslargerthanpeakA.Inaddition,peakBappearedatalower
temperaturethanpeakA.Accordingtodetailedanalysesperfbrmedearlier,
thesefactsindicatethatpeakBoriginatesfromiceNTswithlarger
diameters,suchas8-memberediceNTs.Ontheotherhand,peakAmaybea
resultofthefbrmationof6and7-memberediceNTs.
WenextturnourattentiontootherBraggpeaksinFig.4.16(a),ate～
7.Onm-1and～8.3nm-1,whichcanbeindexedto(11)and(20)inthe2D
76
hexagonallatticeintheSWCNTbundle,respectively.Forthe1.35nm
SWCNTsampleexaminedpreviously,the(11)peakintensityincreasedwhile
the(20)peakdecreasedbelowthetemperatureatwhichpeakAappeared.
Thiswasinterpretedasachangefromtheratherhomogeneouswater
distributioninliquid-likestatestotubule-likestructuresduetothe
formationoficeNTsinsidetheSWCNTs.25'26'301ncontrast,inthe1.46nm
SWCNTsample,itwasfoundinthepresentexperimentthatthe(11)and
(20)peakshardlychangedovertheentiretemperaturerangeexaminedeven
belowtheonsettemperaturesofpeaksAandB.Thisimpliesthattheice
formedinthe1.46nmSWCNTsamplemaybequalitativelydifferentfrom
thetubulestructureandmaybeafilledstructure,assuggestedbytheMD
calculations.
Too'btainmoreinformationontheicestructureinsidethe1.46nm
SWCNTs,wecalculatedtheXRDprofilesforthetwokindsoficestructures
obtainedbytheMDcalculationsintheprevioussection,hollowiceNTand
theiceNTcontainingaIDwaterchain.First,thewaterdensityprofile
flnctionsρ(7)insidetheSWCNTswerecalculatedfromthemolecular
coordinatesofwaterwithintheregionindicatedbyarrowsinFig.4.18(a)and
(b).TheXRDpatternswerethencalculatedandcomparedwiththose
o『btainedexperimentally.Here,weassumedthatthewatercontentinside
SWCNTwasinvariantovertheentiretemperaturerange.Thecalculated
XRDpatternsthusobtainedareshowninFigs.4.18(a)and(b).Wefound
thatforthehollowiceNTswithinthe1.46nmSWCNTs,the(11)andeven
the(10)peakintensitybecamelargerandthe(20)peakbecamesmaller
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comparedtothoseat300K[Figure4.18(b)].Thisdoesnotsuitthe
temperaturedependenceintheo『bservedXRDpatterns.Ontheotherhand,
inthecaseoftheiceNTscontainingaIDwaterchain,therewasonlyslight
changeinthe(11)and(20)intensitybetween300Kand100K[Figure
4.18(a)1.Thisfilledmodelsuccessfullyreproducestheo'bservedXRD
patterns,assumingthatthemeanwaterdensityperunitlengthofthe
SWCNTis2.8watermoleculesperO.1nm.Whilethiswatercontentis
slightlysmallerthanthatobtainedbytheMDcalculationsataround300K
(3.047watermoleculesperO.1nm),thispro『bablyresultedfromthepresence
ofsomeunopenedSWCNTs,whichcannotallowwatertobeintroduced
withinthem.Therefbre,thepresentobservationsstronglysuggestthatfilled
structuresincludinganiceNTplusaIDwaterchainstructureexistwithin
the1.46nmSWCNT.
FurtherexaminationoftheorderedIDBraggpeakappearingat(～ ～22
nm-1wascarriedoutandcomparedwiththeexperiments.Wecalculatedthe
X-rayinterferencefunctions,lo。,betweentheoxygen-oxygen(0-0)atoms
inwateratseveraltemperatures.28'91Thecalculationswereperfbrmedusing
abuilt'in'toolintheMDsoftwarepackage・Here,∫びbetweentheiand/
atomsisdefinedas:
㌃(9)一聯 蜘)一']Si砦9わ轍(4-・)た
where/Visthetotalnumberofatoms,Visthesystemvolume,wi(ニNi/N)
isthepartialnumberofatomi,fiistheatomicscatteringfactorforatomi;
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andgグ(りisthedistri'butionfunction'betweeniand/atoms.TheX-ray
interferencefunctionsarerelatedtotheX-raydiffractionpatternsas:
1(9)㏄Σ1グ(9)・(4-2)
グ
ThecalculatedlooareshowninFig.4.19.Here,aBraggpeakappearedat
Q～22nm-10ncoolingbelowthetransitiontemperature,210Kfbr"8+hollow"
and220Kfor"8+1D",whichwasdetermined丘omtheT-dependenceofthe
potentialenergy[seeFig.4.15(b)].Thepeakswereassignedtotheperiodic
structureoftheIDarrayofpolygonaliceringsintheiceNTs,whose
periodicityisaboutO.28nm.Althoughthewidthsofthesimulatedpeaks
werelargerandthepeakpositionsshiftedtowardahigh-(～direction
comparedtotheexperimentalpeaks,theymayresult丘omthesmall
crystallinesizeusedinthesimulation,asdiscussedinpreviouswork.28
1mportantly,thepresentsimulationspredictedthepresenceoftheBragg
peakate～22nm-1eveninthefillediceNTstructure,implyingthatthe
o『bservedIDBraggpeakisconsistentwiththefilledstructure.
Finally,we'brieflycompareourresultswithapreviousstudy83dealing
withthephasebehavioroffillediceNTs.Kolesnikovetal.examinedthe
formationofanice-shellplusIDwaterchainstructureinsideSWCNTswith
刀 二1.4±0.1nmbyinelasticneutronscatteringexperimentsandMD
simulations.Theydiscussedthemeltingbehaviorusingthetemperature
dependenceofmean-squaredisplacementofhydrogen,andreportedno
evidencefbrsolid-1iquid-liketransitionbelow300K.Bycontrast,thepresent
studyindicatedthattheorderingofthefillediceNTtakesplace'below220K.
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AccordingtothepresentMDcalculationsforaニ1.10nm,thisordering
occurredsimultaneouslyatalmostthesametemperatureforboththeshell
andinnerwatermoleculesbelow300K.Whiletheresultsseemtobe
consistentwiththepresentexperimentalresults,moredetailedstudies
wouldbeneededforthisissuebecauseofpossiblesensibilityofthetransition
temperaturetotheSWCNTdiameter.
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Fig.4.16.(a)XRDpatternsofthe1.46nmSWCNTsamplewithsaturated
watervaporat300K.ThearrowshowstheappearanceofaBraggpeak
around石1=22nm-1whichappeareduponcooling.(b)Differencebetweenthe
XRDpatternstakenathightemperature(>240K)andlowtemperature
(a『bout100K)arounde=22nm-1.TheXRDmeasurementsforthe1.35nm
SWCNTsamplehavebeenpreviouslyreported.TheIDXRDpeaksappeared
inthe1.35and1.46nmSWCNTsamplesat100K,whilenonewBragg
peaksappearedinthe2.40nmSWCNTsample.Theasterisks(*)denote
BraggpeaksofbulkiceinsideandoutsideoftheXRDglasscapillary.
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Fig.4.19.TdependenceoftheBraggpeaksassignedtotheIDstructureof
nano-icefromtheMDcalculationsforσoc=0.327531nmand五=7.8nm.
Upper:thehollowiceNTs"8+hollow"fbrmedbelow210Kwith/V=200.
Lower:thefillediceNTs"8+1D"formedbelow220Kwith/Vニ230.
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4.3.Summary
Com『biningpreviousreports,25'26'145theglobalT-Dphasediagramof
waterconfinedinsideSWCNTswassummarizedintheSWCNTdiameter
range刀from1.17to2.40nm,asshowninFig.4.13.InthinnerSWCNTs
(1.17<刀 く ～1.3nm),waterinsideSWCNTsundergoesaliquid-solidlike
transition,whosetemperaturehastheoppositetendencytothatof'bulk
water.Thelowtemperaturesolidstateshavehollowicenanotube(iceNT)
structures.ForthelargerdiameterSWCNTs(～1.6<刀 く2.40nm),onthe
otherhand,watercannotberetainedinsidetheSWCNTs.TheyexhibitaWD
typetransition,andthewaterisejectedfromtheinsideoftheSWCNTs.Its
transitiontemperaturelowerswithdecreasingtheporediameter刀.Inthe
intermediatediameterrange(刀 ～1.4nm),thefillingwithwater
su『bstantiallyaffectsthelowtemperaturestructures;itwasfbundthatwhile
hollowiceNTsformatalowerwatercontent,furtherincreaseinthewater
contentleadstofilledstructures,suchasiceNTscontainingaIDwater
chain.Suchdependenceonthewatercontentiscausedbyanedgeeffectof
SWCNTsonthewaterstructure.ThemechanismfbrtheWDTisdiscussedin
thenextchapter.
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Chapter5
Liquid-liquidTleansitionofWaterConfinedin
SWCNTs
5.1.ResultsandDiscussion
5.1.1.XRDofWater-SWCNTs
Asdiscussedinchapter4,theconfinedwaterinsidethickSWCNTs(刀>
1.6nm)exhibitsaWDTatlowtemperatures.Inthischapter,weanalyzethe
observedXRDpatternsforthethickSWCNTsamplesindetailtoclarifythe
structureoftheconfinedwateratlowtemperatureaswellasitsphase
transitionalbehaviour.
FortheobservedXRDdatashowninChapter4,weexaminedtheir
diffractionpatternsinhigher母range.Hereaf七er,resultsforthe2.40nm
samplearepresentedifnototherwisespecified.Thelef七panelofFig.5.1(a)
wastakenupondecreasingtemperatureataconstantrateoflK/min,
correspondingtothedatawithsmallcirclesinFig.4.11.Ontheotherhand,
thelef七panelofFig.5.1(b)wastakenuponincreasingtemperatureafter
quenchingto110K,thecorrespondingdatatoclosedsquaresinFig.4.11.
Inthesefigures,wecanseebroaddiffractioninwhichpeaksoccur
around(g～18and30nm'1.Thisislikelyduetowaterdiffusediffraction
(WDD)147・148,indicatingthatwaterinsidetheSWCNTsisinaliquidor
glassystateoverthewholetemperaturerange.InthecaseofSWCNTswith
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D<1.45nm,one-dimensionalBraggpeaks,reflectingthepresenceof
one-dimensionallyorderedice,appearedaround④ 一22nm'1atlower
temperatures,asshowninFig.4.16inChapter4.Inthepresent
experiments,however,thereisnoevidenceforsuchanorderedstructure.
AlthoughsharpBraggpeakswerealsoo'bservedonthediffractionpatterns
inFigs.5.1(a)and(b)'belowTwDT～220K,theyareattri'butedto'bulkiceIh
formedoutsidetheSWCNTsduringwettodryphenomenon,asdiscussed
later.
AsalreadymentionedinFig.4.11inChapter4,increasingtemperature
afterquenchresultsinthe(10)intensityincreasingfromaround160Kand
thendecreasingataround210K.Thesebehaviourscorrespondtothe
ejectionandre-adsorptionofwater,respectively.Becausetheconfinedwater
atlowtemperatureisnon-crystallineasshownabove,therecoveryofthe
kineticsaround160Kcanbeattributedtoatransitionfromaglass-like
statetoaliquidlikestate,i.e.aglasstransition.
Next,theemptySWCNTpatternsmeasuredat325Kweresubtracted
fromthoseoftheo'bservedpatterns'becausetheobservedonesaresumsof
thecontributionsfromthecarbon-carboncorrelation,theSWCNTs-water
correlation,andthewater-watercorrelation.Theresultsareshowninthe
rightpanelsofFigs.5.1(a)and(b).WDDpatternsforthebulkwaterreported
inapreviousliterature147arealsoshownasdashedlinesinFig.5.1(b).Itis
apparentthatthepatternsathighertemperatures,e.g.at271K,arevery
similartothatof'bulkwaterwithalocallyhighdensityliquid(HDL)
structure.However,atlowertemperatures,e.g.113K,theybecomecloserto
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thatoflowdensityamorphous(LDA)ice.Theresultsstronglysuggesta
transformation『betweenHDL-andLDA-1ikewaterwithtemperature.
Theinformationregardingthedetailedtemperaturedependenceofthe
WDDpeakpositionaround(?=18nm'1issummarizedinupperpanelsofFigs.
5.2(a)and(b).WefoundthattheWDDpeakpositionsexhibitasteepchange
ataround220K,suggestinga`liquid-1iquidtransition'(LLT)'betweenHDL-
andLDL-likestates.Here,thelowtemperaturestatewaspresumedtobe
LDLratherthanLDA『becausetheconfinedwaterismobileabove160K.
TheinsetintherightpanelinFig.5.1(a)showsthecomparisonofthe
WDDprofilestakenat244Kand154K.Itcanbefoundthatthereisan
isosbesticpointat面ヒ～18.4nm'1.Actually,thepresenceofsuchapointis
expectedfbrafirstorderphasetransition.Inthepresentcase,theWDD
profilesinthetemperaturerange'between244Kand154Kcanbe
reconstructedbyalinearcombinationoftheprofilesat244Kand154K;the
HDL-1ikecomponentat244KdecreaseswhiletheLDL-1ikecomponentat
154Kincreaseswithloweringtemperaturebetween244Kand154K.This
wouldbeastrongevidenceforanLLToffirstorder.
88
(a)
〔b)
?
?
?
?
?
?
?
?
?
?
?
??
?
?
?
」?
?
》
?
?
?
?
?
?
?
Cooledatll{lminD=2.40nm
一
軸 「・rI
一
ρ
副
、
」
㌧
1
六
へw
＼帽 へ
爪4
＼⊥ノ・
」ノ、
1
III
-
325K-
一磯
1■III
馴btraoted
-I
i
へ一i幅
猟
iト
・…Ll
固
脳
244K
'
Q剛18.4
㍉訟4K
㌔ 」…1
一一
巳.
巳.L
1
"1
囑
賑
1
一
B
㌦
一
門
L
'噛'、一 、
凱
レ丸
1
鳳 諏1一
賦1鵡
1
h_
駄
一
4f1りf1りf1■f110 21〕30401020
Q{11nm)
WaterSWCNTs
o・ ⑲ ・.
244K157K
QuenchedD=2.40nm
佃
325K
271
30
Q〔11nm}
40
DrySWCNTs
157K
o
1
-
一
ノー
ノー
一
㍊
ツ凶
Liqui〔
べ 之・...
II
3ubtra¢tgd
一
一噛271Kトー ー一 胃
■
へ 鳳 ..-
L
嬉
LDA
II
・」L
236-～
_.
-
219-
一一..」1
一^.2且L
㌧.一..1了乳
113
-■ ■●一噛層
1
20304010
Q{11nm}
203040
Q{1tnm)
Figure5.1.ObservedXRDpatternsofthewater-SWCNTsampleinthehigh
Qrange.(a)ExamplesofXRDpatternsobservedwhiledecreasing
temperatureatarateoflK/min.Inset:anexpandedviewaround(g-18nm'1.
Rightfiguresshowthepatternsobtainedbysubtractionofthepatternat325
K.X-raydiffractiontwo-dimensionalimagesarealsoshownforthe
water-SWCNTsystem,andforthedrySWCNTsample.Temperature
sequenceisthesameinbothmeasurements.Whitepartsareshadowsofa
stopperforthedirectincidentX-raybeam.(b)ExamplesofXRDpatterns
measuredwithincreasingtemperatureaf七erquenchingto110Kfromroom
temperature.Intherightpane1,thepatternsofbulkwateratroom
temperatureandlowdensityamorphous(LDA)waterinref.147areshown
forcomparison.Thepatternsareshiftedverticallyforclarity.Diffraction
peakswithasterisksareduetothehoneycombstructureoftheSWCNTs.
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Figure5.2.Temperaturedependenceofthe(10)intensity,WDDpeak
position,andpeakintensityofthebulkiceIh.(a)Measuredwithdecreasing
andincreasingtemperatureatarateof1.4K/minasshownbydashedand
solidlines,respectively.(b)Measuredafterquenchingto110Kfromroom
temperature.At157Kand179K,thetemperaturewasheldfor70minand
120min,respectively.Inthelowerpanelsof(a)and(b),theintensityofthe
(002),(103)and(112)peaksofthebulkiceIhandtheirsumsareplotted.
1」ineSarefOrClarity。
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5.1.2.MDCalculationsforWater-SWCNTSystems
FurtheranalysisontheatomiclevelwasobtainedthroughMD
simulationsforSWCNTswithdiametersbetween2.03and4.07nm.An
exampleofsnapshotstructuresfortheconfinedwaterinsidetheSWCNTof
diameter2.03nmisshowninFig.5.3.Itindicatesthattheconfinedwater
doesnotcrystallizeatlowtemperature.Usingatomiccoordinatesofthe
watermoleculesobtainedbytheMDsimulations,fractionofwatermolecules
withfourcoordinationwascalculated.Here,thefour-coordinatedwater
moleculesweredefinedasthosehavingfburoxygen-oxygencoordination
withinO.33nm.TheresultsareinFig.5.4(a).Itshowsthecontinuous
developmentofhydrogen-bondnetworkswithdecreasingtemperature.At
thesametime,therotationalcorrelationtimeτofwatermoleculescalculated
bytheMDresultsexhibitsnon-Arrheniustemperaturedependenceasshown
inFig.5.4(b).Thisbehaviourinτreflectsthedevelopmentofhydrogen-bond
networks.Thesesimulationresultsshouldbestronglycorrelatedtothe
gradualvariationintheWDDpeakpositionabove230Kobservedinthe
XRDexperiments.
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100K■
Figure5.3.SnapshotstructuresofwaterconfinedinanSWCNTofdiameter
2.03nmat300Kand100K.TheSWCNTisnotshownforclarity.Left:top
views.Right:sideviews.
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Figure5.4.Fractionoffbur-coordinatedwatermolecules,androtational
correlationtimeτfortheconfinedwater.」OistheSWCNTdiameter.(a)was
obtainedfromtheMDsimulations.Theinsetin(a)isanexampleofthe
distributionofthecoordinationnumber.Intheinsetfigure,anarrowdenotes
thefractionoffour-coordinatedwatermolecules.In(b),trianglesand
squaresareτobtainedfromMDcalculationsusingtheSPCIEwatermode1
(ref.134).Thehorizontallineswereestimatedfromamotionalnarrowing
conditionof2D-NMRusingtheNMRdatainFig.4.5inChapter4.Circles
wereobtainedfrom2D-NMRspin-1atticerelaxationtimeTl.Coexistenceof
thefastandslowdynamicssuggeststhattheLLTisofthefirstorder.
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5.1.3.NMRMeasurementsforWater-SWCNTSystems
WealsoobtainedτfromanNMRlinebroadeningtakingplaceinthe
rangeof190-235Kandspin-latticerelaxationtimeTi,asshown『by
horizontallinesandcirclesinFig.5.4(b),respectively.Thehorizontallines
wereestimatedfromamotionalnarrowingconditionof2D-NMRusingthe
NMRdatainFig.4.5inChapter4.ThusthehorizontallinesinFig.5.4(b)
specifytheregionswheretheNMR-signalintensitystartsreducingand
reducestohalfduetoslowingdownofmolecularrotations.Above230K,τ
obtainedbytheNMRdataandtheMDcalculationsshowssimilar
temperaturedependence,butclearlydeviatesataround190-235K,
indicatingtheoccurrenceofatransition.Itshouldbenotedthattheobserved
suddenchangecannot'befullyascri'bedtofreezingoftheejectedwaterfrom
theinsideofSWCNTs.ThisnotionisbasedontheXRDobservationinwhich
thesubstantialamountofwater(morethan50%ofthatatroom
temperature)remainsinsideSWCNTsevenbelowtheWDT(seeSection
4.1.4.inChapter4).Thusthetransition,whichisassignedtoanLLT,must
takeplaceintheconfinedwater.Furthermore,theobservedjumpofτand
thecoexistenceofslowandfastdynamics(overlappingregions'betweenthe
horizontallinesandcirclesinFig.5.4(b))stronglysuggestthattheLLTisof
thefirstorder.
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5.1.4.AdditionalEVidencefortheWet-dryTransition
WenowshiftourattentionbacktoFigs.5.1(a)and(b).Inbothcases,sharp
Braggpeaksattributa『bletobulkiceIhi49wereobservedbelowTwDT～220K.
Theintensityofthe(002),(103)and(112)peaksoftheiceIhandtheirsums
areplottedinthelowerpanelsofFigs.5.2(a)and(b).The(10)peakintensity
ofthesample,re-plottedfromFig.4.11,isalsoshowninupperpanelsinFigs.
5.2(a)and(b).Fromthefigures,itisfoundthattheIhpeakintensityrapidly
changesalmostconcomitantlywiththe(10)intensity.Therefore,the
o『bservediceIhcanbeconsideredtobethewaterejectedfromtheinsideof
theSWCNTsthroughtheWDprocess.Forcomparisonwecarriedoutan
experimentonadrySWCNTsampleusingthesameinstrumentalsetupand
temperaturesequenceasthosefbrthewetsample.LowersinFig.5.1(a)
showthetwo-dimensionalX-raydiffractionimageso'btained.Asseeninthe
images,thediffractionoficeIh,indicated『byspotsintheimage,appearsonly
inthewetsample『belowTwDT.
5.1.5.TheLiquid-liquidTransitionasaDrivingForcefbrtheWet-dry
'11ransition
ComparingthetemperaturedependenceoftheWDDpeakpositionwith
thatofthe(10)peakintensityasshowninFigs.5.2(a)and(b),another
importantaspectisrevealed;thechangesoccurinthesametemperature
domain,suggestingthattheLLTandtheWDTtakeplaceconcomitantly
witheachother.Thiscanbeunderstood'byconsideringtheLLTasthe
drivingforcefortheWDT.Actually,anexperimentalreportonabinary
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1iquidmixtureinwhichoneliquidhasanLLTi50proposedthatthe
miscibilityoftheliquidmixturechangesattheL]IT,inducingdemixing(or
mixing)oftheliquids.Thus,wecansimilarlyexpectthattheaffinityof
watertoSWCNTsismuchlowerintheLDLlikestatethanintheHDLlike
state,resultinginthedryingoftheLDI.toavoidthe
energetically-unfavourablecondition.Theoriginofthelowaffinityinthe
LDLlikestateislikelyrelatedtoitsdevelopedhydrogen-bondnetwork
structures.
5.1.6.ConnectiontotheLiquid-liquidCriticalPointScenarioinBulkWater
XRDexperimentswerealsocarriedoutondifferentdiameter(、D)
SWCNTs.Figure5.5indicatestheliquid-1iquidtransitiontemperatureTLLT
asafunctionof1/(DD,〕).Here,DoissettobeO.95nmwherefour-coordinated
waterisdifficulttoexistduetothestrongconfinement.Assumingthatthe
effectofnano-confinementonwaterstructureisequivalenttotheapplication
ofpressureasinsoluteaddition19,Fig.5.5woulddescribeaphasevariation
ofwaterinatemperature-pressureplane.Sinceweobtainedtheevidence
thattheLLToftheconfinedwaterisofthefirstorder,theresultswould'be
compatiblewiththeliquid-liquidcriticalpoint(L、LCP)scenarioratherthan
thesingularity-free(SF)scenarioforbulkwater(seeSection2.1.5.in
Chapter2).InFig.5.5,wefindthatTLLTdecreaseswithincreasing"pressure"
andacriticalpointproposedbyMishima(～223Kand～50MPa)2icanbeon
anextrapolationlinetozero-pressure.
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Figure5.5.Liquid-liquidtransitiontemperatureTLLToftheconfinedwater
asafunctionofSWCNTdiameter刀.TLLTisdefinedasthemidpointofthe
steepchangeintemperaturedependenceoftheWDDpeakposition.Error
barsinthehorizontalaxisindicatethedistributionwidthof刀ineach
sample.SolidanddashedlinesaregivenbyaformulaTLLT=To-.4/(、Z}刀b)2
withTo=224K,and.4=10.4Kfbraguidetotheeye,whichisobtainedbya
least-squarefitusingafixedDoニ0.95nm.Acriticaltemperatureof～223K
shownby"LLCP"wasproposedbyMishima(ref.21).
97
5.2.Summary
Takentogether,ourfindingsandtherelatedphenomenareportedsofar
arguestronglyforthefirstorderLLTbetweenHDLandLDLtakingplace
insideSWCNTs.TheresultswouldleadtovalidityoftheLLCPscenariofor
bulkwater.Besides,thepresentfindingsarelikelytohaveanimportant
influenceonwatercrystalgrowthinnaturallyoccurring'biological151・152and
mineralogicalmaterials65・66withnano-porousstructures.
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Chapter6
AmorphousWater
Con血nementofZTC
　
1n Three-dimensional
6.1.ResultsandDiscussion
6.1.1.XRDofWater-ZTCSystems
Fig.6.1(a)showstheobservedpowderXRDpatternsinwetanddry
ZTCsamplesat289K.TwosharpBraggpeaksaround(E9ニ4.56and7.43
nm'1wereassignedtothe(111)and(220)peaksinacu『biclatticewitha
periodicityoftheparentzeoliteY24Thelatticeconstantwasestimatedto'be
2.38nmforthedrysampleatRT.Itsthermalexpansioncoefficientwas
4.7±0.2ppm/Kina71rangeof113Kand300K,whichisslightlysmaller
than7.5±2.5ppm/KfbrtheintertubulelatticeconstantwithavanderWaals
gapinSWCNTbundlesandmuchlargerthanfortheSWCNTdiameter
composedofstrongsp2covalent'bonds.153Thissuggestsarathersoftnessof
theZTClattice.
The(111)peakintensitydrasticallydecreaseduponexposureto
saturatedwatervaporatRTasshowninFig.6.1(a).Acomparisonwith
calculatedXRDpatternsbasedonMDsimulationsindicatedthatthe
decreaseinthe(111)peakwasderivedfromwateradsorptionintheZTC
pores[insetinFig.6.1(a)].Uponheatingabove325K,thepeakintensity
recoveredduetowaterdesorption.Thiswaterdesorption-adsorption
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behaviorwasreversiblewithhysteresiswithin10K.Theamountofwater
adsorbedintheZTC,estimatedfromacomparisonofsimulatedand
o『bservedXRDpatterns,wasroughly140weightpercentwithrespecttothe
dryZTC(i.e.140wt%).Thisisconsistentwithvaluesdeterminedfromother
methods;127wt%at298Kand187wt%at288Kfromtheadsorption
isotherm,120wt%fromDSC,140wt%fromweightuptake,and150wt%
fromNMR.Thesevaluesareunusuallylargecomparedtothoseforother
nano-porouscarbons;15-58wt%inbundlesofopenedSWCNTswith
diametersbetween1.2and2.4nm,25'27and70wt%inactivatedcarbonfi『bers
(ACFs)withmicro-pores.1541fweusethereportedporevolumeof1.71cm3/g,
24thelocalwaterdensityinsidetheZTCporeisestimatedto『beO.74-1.10
9/cm3,comparabletothatofbulkwaterunderambientconditions.Thisis
equivalenttothewateruptakeofO.52-0.749/cm3foraunitvolumeofthe
ZTCcrystal.(Here,theidealdensityofO.435g/cm3fortheZTCcrystalwas
used.)Thesponge-1ikestructureoftheZTCcrystalshouldberesponsiblefor
suchlargewateradsorptionamount.AlthoughSWCNTsfilledwithwater
can'beemptiedwithloweringtemperature,27inthepresentcase,theZTC
heldwateratleastdownto113K,asevidencedbytheT-dependenceofthe
(111)peakintensityintheXRDpatterns.
Figure6.1(b)showstheT-dependenceoftheXRDpatternsforthewet
sample.SharpBraggpeaksabove④ 一15nm'1appearedbelow273Karedue
tothebulkcrystallineice,whichformsoutsidethequartzcapillarywithZTC
powder,aswellasexcesswaterinsidethecapillary.Apartfromthese
extrinsicpeaks,'broaddiffractionpeakswereobservedarounde～19and30
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nm'1.SincethesewerenotpresentinthedryZTC[seethetoppatterninFig.
6.1(b)],theycanbeascribedtowaterdiffusediffraction(WDD).148With
decreasingT,theWDDpeaksshiftedslightlytotheloweresideandbecame
almostconstantbelow160K,asshownintheinsetinFig.6.1(b).Inaddition
noevidencefbrthepresenceofanycrystallineiceinsideZTCwaso'btained
downto113K,unlikewaterinsideSWCNTs.25・26Thesefeaturesare
reminiscentoftheT-dependenceofvolumeinaglassformer75whereinthe
thermalexpansioncoefficientchangessteeplyataglasstransition
temperatureTg.Therefbre,itissuggestedthattheglasstransitionofthe
confinedwaterinZTC,ifexist,isaround150-170K.Adetaileddiscussionis
giveninSection6.1.5.
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Fig.6.1.ObservedandcalculatedXRDpatternsindryandwetZTCsamples.
(a)TheobservedXRDpatternsofthedryandwetZTCsamplesinalowQ
rangeat289K.TheinsetshowscalculatedpatternsforwatercontentsofO,
64and140wt%asindicated.ToreproducetheobservedXRDpatterns,an
orientationalrandomnessoftheZTCunitcellwasintroduced.TheXRD
patternswerecalculatedfromtheatomiccoordinatesusinganXRD
simulationtoolinMaterialsstudiover.4.1(AccelrysCo.).(b)ObservedXRD
patternsofthewetsampleatseveraltemperaturesinawiderQrange.The
toppatternisforthedryZTCsamplefbrcomparison.SharpBraggpeaks
above母 一15nm'1below273Kareduetobulkcrystallineice.Inset:
T-dependenceoftheWDDpeakpositionindicatedbyanarrow.Theopen
(closed)symbolsweretakenfordecreasing(increasing)T.Twosamples
(denotedbycirclesandsquares)weremeasured.
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6.1.2.IsobaricSpeci丘cHeat6もoftheCon丘nedWater
DSCscanswereperformedontheZTCpowdersealedwithlightwaterin
aDSCce11.Theresultsindicatedthattheexothermic(endothermic)peaks
duetofreezing(melting)ofthebulkwatercompletelydisappearedbelowa
watercontentofabout120wt%,asexpected.Thisimpliesthattheconfined
waterinZTChasdifferentpropertiesthanthebulkwater.Inaddition,small
exothermic(endothermic)peaks,whoseintensitycorrespondedtoafew%of
thetotalamountofconfinedwater(dependingonthewatercontentand
samplehistory),werealsoobservedaround220KwithdecreasingTand
around260KwithincreasingT,respectively.Thismightbeduetofreezing
(melting)ofwaterinthevicinityoftheZTCcrystalsurface.
Figure6.2(a)shows(CboftheconfinedwaterandthedryZTCatambient
pressure.Therelia'bilityinthe6るdeterminationwaschecked'bythe
measurementsfortworeferencesamples,bulkwaterandgraphitepowder
(purity>99.99%).GofthedryZTCwasslightlylargerthanthatofgraphite.
ThismaybeduetocontributionfromhydrogenatomsattachedtotheZTC
frameandthesof七nessofZTClatticeassuggested'bythethermalexpansion
data.
Importantly,asshowninFig.6.2(a),the(ろoftheconfinedwater
decreasedsteeplybelowTw～230Kfromanearlyconstantvalueof～4.2J/gK
a『boveTwwithloweringtemperature.Thisanomalyisprobablyrelatedwith
aFSC(orI」LC),asdetailsarediscussedinSection6.1.6..
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Fig.6.2.71dependenceoftheiso『baricspecificheatG〕.(a)Specificheatof
confinedwaterinZTC,bulkwater,dryZTC,andgraphiteatO.1MPa.The
DSCup(down)scanmeasurementsshownbyopen(closed)symbolswere
performedinastepwisemanner,inwhichthesampleswereheated(cooled
down)by10Kat5K/min,andthenheldfor3mintomeasurethebaseline.
Solidlinesarethoseinliteraturesforthebulkwaterandgraphite.155・156The
dashedlinefordryZTCisthedatareportedforgraphite,scaledbyO.76with
respecttoTasareference.(b)Specificheatofconfinedwaterreportedfor
silicagelbyMaruyamaetali2andOguniθta7.i6,andMCM-41byOguniet
a1.17alongwiththoseinZTC.Thesolidlinesareforsilica-gelanddashed
linesforMCM-41.Theporediametersaregiveninthefigure.Thinlinesare
interpolatedforclarity.,f]1)ofsupercooledbulkwaterisalsoshownbydotted
line.157TheZTCdatain(b)isthesameasin(a)exceptfortheerrorbars.
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6.1.3.DynamicsoftheConfinedWaterfromNMR
WenowdiscussthemoleculardynamicsinvestigatedbyNMRof
deuteronandprotonnucleus,2DandIH,inheavyandlightwaterconfinedin
ZTC.ExamplesofNMRspectrafor2DandIHnucleiareshowninFigs.
6.3(a)and(b),respectively.Theo'bservedspectraa'bove200Kwereroughly
determined'bythefieldinhomogeneityoftheappliedmagneticfieldof2-4
ppmoverthesamplevolume,andmuchsharperthan/6fu200kHzfor2D
and40kHzforIHinthestaticlimit.Thesearedirectevidencefbrfast
rotationalandtranslationalmotionofwatermoleculesinZTCcrystals.(This
effectisknownasmotionalnarrowingoftheNMRlinewidth.130)Fromthe
narrowed2D-NMRspectra,therotationalcorrelationtimeτ,。twas
estimatedto'beontheorderof1×104psat200K,usinganarrowing
condition;∠ゾ 駕 ノ6・(27y(]oτ),where∠ifslkHzisthewidthobserved
experimentallyat200K.
Incontrastto2D-NMRinwhichtheintra-molecularquadrupolar
interactiondominatesthespectralwidth,inthecaseoflightwater,'boththe
inter-andintra-moleculardipolarinteractionsamongIHnucleicomparably
contributetotheIH-NMRbroadening(about10kHzfromthe
inter-molecularinteractions).Therefbre,thenarrowedIH-NMRspectraarea
clearevidenceforthefasttranslationalmotionofwatermoleculesabove200
K,aswellasrotationalmotion.Thisisconsistentwiththevaluefbrthe
self-diffusioncoefficientofwaterobtainedfromMDsimulationsof
Dfs3.4×10-6nm2/psat200K.TheintensityofthenarrowedNMRsignalas
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afunctionofT(seetheinsetinFig.6.3)indicatesamobilewatercontentof
150±20wt%above220K.
TheinsetinFig.6.4showstheT-dependenceofthe2D-NMRspin-1attice
relaxationtimeTi.TheobservedstrongT-dependencewithaminimum
around205KistypicaloftheBloembergen-Purcell-Pound(BPP)relaxation
mechanism,130inwhichTlisrelatedtotherotationalcorrelationtimeτ,。t
inthepresentcase.TheTiintheentireTregionmeasuredcould『befitted
withaV6ge1-Fulcher-Tammann(VFT)formwhichisoftenusedforafragile
liquid;τ,。、一 τ。eXP[A/(T-T。)],whereτ。,A,andT。arec・nstants.75The
bestresultisgivenbyasolidlineintheinsetinFig.6.4.Theobtained
parametersare;τo=1.03×10-14s,A=1236K,andTo=109K.Onthe
otherhand,ifweusetheArrheniusfitexpectedforastrongliquid,
τ,。t=τoexp(.4/T),thebestfitwasobtainedforτoニ4.65×10-20sand
.4=5179K(thedottedlineintheinsetinFig.6.4).lnthiscase,however,it
slightlydeviatesabove240KMoreimportantly,theobtainedτo,whichis
τatinfinitetemperature,isunphysicalbecausethevalueismuchshorter
thanthetypicaltimescaleofmolecularvi'brationsof10-14s.
TherotationalcorrelationtimewasalsoobtainedfromtheMD
simulations.TheresultsareincludedinFig.6.4,inadditiontothe
T-dependenceoftheself-diffusioncoefficient刀.Althoughthevaluesare
aboutathirdofthosefromtheNMRexperiments,theT-dependencewas
welldescribedbytheVFTformwiththesameToニ109Kabove200K.
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Therotationalcorrelationtimeforbulkwater,o『btainedfromtheTiof
2D-NMR ,isalsoshowninFig.6.4.i58Herewefindcleardifferencebetween
theT-dependencesofthebulkwaterandthepresentconfinedsystem.At
highertemperatures,interestingly,τislongerinthepresentconfined
waterthaninthe'bulkwater,similartothecasesinporousglass.159Besides,
the7Ldependenceismuchweakerintheconfinedwaterthaninthe'bulk
water,158・159whichexhibitsasingularitybehaviordescribed『byaformula
suchasapowerlawτ ㏄(T-To)■withTo～230Kand7～-2.The
differenceswouldarisefromthenanoconfinementeffect:althoughthe
cooperative『behaviorsdevelopwithloweringTinboththesystems,thesize
ofthecooperativeregionintheconfinedwatercould『belimitedbythesystem
sizeoritsdevelopmentishamperedbythethreedimensionalZTCwallin
thepresentcase.
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6.1.4.MDSimulationsfortheCon丘nedWater
Toobtainthemicroscopicstructureanddynamics,weperformedtheMD
simulations.TheresultsforsimulationIwith600watermolecules
(equivalentto38.2wt%)areshowninFig6.5.Thewatermoleculeswere
described'bytheSPCIEwatermode1.134Thesystemtemperaturewasheldat
300Kfbr2nsandthenloweredto10Katacoolingrateof100K/ns.First,it
wasshownthatallofthewatermoleculeswereadsorbedinsidetheZTC
withinthefirst2nsat300K,andretainedinsidetheZTCcrystalstably
downto10K.Thesnapshotstructuresofwaterclustersthusformedinside
theZTCat300Kand10K,asshowninFig.6.5,indicatethat
hydrogen-bondnetworksdevelopinthewaterclusterwithdecreasingT.
SimilarresultswereobtainedforTIP3Pmodeli33forwater.
However,thestructureofthewaterclusterisquitedifferentfromthoseof
crystallineiceevenatthelowestT.Thisisclearlydemonstratedby
analyzingthecoordinationnumberand『bondanglefortheoxygen(0)atoms
inwater.Egure6.6(a)showstheresultsforthecaseof1600watermolecules
(equivalentto102wt%)insimulationI.Here,thewatermoleculeswithin
theO-OdistanceofO.33nmweretakenintoaccount.Essentially,thesame
distri'butionswereobtainedforthesystemof3112watermolecules
(equivalentto198.3wt%)insimulationII.At300K,interestingly,the
distributionfunctionoftheO-0-Obondanglewasveryclosetothatforbulk
liquidwateratRT[shownbyasolidlineinFig.6.6(a)].Thisresultsuggests
asimilarityinthestructuresoftheconfinedwaterandthebulkwater
aroundRT.NotethatthespecificheatoftheconfinedwaterinsideZTC,
110
4.2±0.2J/gK,isequaltothatofbulkwaterwithinexperimentalaccuracy
a『bove220K.
Atlowertemperatures,theaveragecoordinationnumberwas4.12,
slightlysmallerthanthevalueof4.18atRT.However,thedistri『butionofthe
O-〇-Oanglebecameremarkablynarrower.Thisnarrowingimpliesgrowthof
hydrogenbondswithmoreappropriateO-〇-Oangles.Asaresult,water
moleculesformanamorphous-likestructure,roughlycharacterizedbya
stronglydistortedhydrogen-bondnetwork(asshowninFig.6.5).Thisis
knownasthecontinuousrandomnetwork(CRN)modelforanamorphous
solid.161Furthermore,itcanbefound,fromacomparisonwiththe
distributionsforLDLandHDL[lowerinFig.6.6(a)],thatthelow-T
structuresareclosertothatofLDLratherthanHDL.
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6.1.5.GlassTransitionofWaterinsideZTC
Wediscussherethepossibleglasstransitionofthepresentconfinedwater
basedontheexperimentalandcomputationalresults『becausetheliquid
statefreezesintoaCRNamorphoussolidatlowtemperatures.The
T-dependenceoftheWDDpeakpositioninFig.6.1suggestsasimilar
behaviortotheglasstransitionaround150-170Kwithintheexperimental
timescaleandaccuracy,asalreadymentioned.Correspondingly,theMD
simulations,showninFig.6.6(b),indicatethatthenumberofhydrogenbond
ceasesitsT-dependencebelowaround150K,inconsistentwiththeXRD
experiments.Morespecifically,agenerallyacceptedcriterionfortheglass
transitiontemperatureTgcanbeappliedtothepresentcase;atTgthe
dynamictimescale,suchasτ,。、,reachesaround100s(althoughdepending
ontheo『bservationtimescale).ThenweobtainedTgニ143Kand139Kinthe
presentsystemfromtheextrapolationsofτ,。tto100sintheNMRandthe
MDdataabove200Kavailablefromthepresentstudy,respectively.
Therefbre,allthedatasuggestthattheTgoftheconfinedwaterinZTC
should'bearound150K.
Furthermore,aglasstransitionofconfinedwaterisof七enaccompanied
bya"veryfee'blejump"in6∋,althoughmolecularglassformersusually
exhi『bitasubstantialjump.9・76Becausethepresentmeasurementdidnot
haveenoughsensibilitytodetectsuchasmallCbjump,heretheobserved6も
wascomparedwiththoseofnano-confinedwatersinsilicage112・16and
MCM-4117asshowninFig.6.2(b).Itisfbundthatthe7ちdependencesofG
114
areverysimilartoeachotherexceptthepeakstructuresaround230K.In
someoftheseconfinedwaters17,theTgwasactuallyidentifiedasaround150
K『byobservingaclearrelaxationbehaviorfortypicalglasstransitionwhich
wasaccompanied『byasmalljumpinら 『byaboutO.2J/gK.Ifweexpecta
similarjumpwiththecomparablemagnitudeintheseconfinedsystemsatTg,
thepresentZTCsystemshouldbereasona'blypresumedtohaveaTgof
140-150K,inconsistentwiththeresultsoftheXRD,NMR,andMD
simulationsmentionedabove.
6.1.6.EffectofNano℃onfinementonLiquid-liquidCrossoveror
Fragile-strongCrossover
Asalreadymentioned,theT-dependenceofCl)resembleseachotherfor
theconfinedwatersinsilicagel,MCM-41,andthepresentZTCsystem[Figs.
6.2(a)and(b)].However,thepeakaround230K,whichwouldbethe
sharpestinbulkwater48・157asshownbyadottedlineinFig.6.2(b),seemsto
decreaseastheporediameterdecreasesforeachsetofdatainsilicageland
MCM-41.InthecaseofZTC,althoughthepeakwasalmostsmearedout,the
anomalousdropwasstillclearlyobservedbelow230K.Thepeakin(fI,is
sometimestakenasthelocusoftheWidomlineorevidenceforLLC,wherein
adynamiccrossoversuchasFSCshouldbeobserved.3・9・48・76Then,ifthe
peakheightdecreasesdependingonthedistancefrom"thesecondcritical
point"inthepositive711)region,thepresentnanoconfinementmightbe
consideredtoworkasanegativepressure'bymodifying(andexpanding)the
hydrogen'bondnetwork,162aswellasthecut-offoncorrelationlengthfbr
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fluctuation.Inthispointofview,ahighpressurestudyisimportant,and
nowlnprogress・
However,asdiscussedfortheNMRdata,the71dependenceofτr。twas
welldescribedbytheVFTform,whichindicatestheconfinedwaterisa
fragileliquiddownto200K.Thisseemstocontradicttheabovediscussion.
WhywasthedynamiccrossovernotobservedintheNMRdata?Thus,we
performedanother(butalsotentative)analysis,whereintheconfinedwater
iscomposedoftwodynamicallymixedcomponentshavingdifferent
rotationalcorrelationtimes;τ艮,。、=τ。exPレ/(7-T。)],and・uL,。。、=τ。exP[B/7],
whereτo,A,7もand、Bareconstants.Theτr。tobservedinNMRis
assumedtobegivenbyl/τ,。,=∫/τH ,,。t+(1-∫)/IJL,ro,,whereプisunityat
infiniteTandzeroatOKanddescribesthefractionofthecomponentwith
τH,,。t.ItwasfoundthattheVFTformobtaineda『boveiswelldescribedbythis
mode1,indicatingthattheNMRresultsarenotincompatiblewiththe
presenceofLLCorFSCaround230K.Althoughitwasdifficulttouniquely
determinetheparametersfromthepresentdata,thefbllowingsetwell
approximatedtheobtainedVFTparametersasindicated'bythethindashed
lineinFig.6.4;τo=1.2×10-14sec,・4=1170K,7もニ105K,B=5500Kand
!ニ(1/π)tan-1[0.02(7-230)]+0.5.Here,∫descril)esthecrossoverofthe
dominantphasearound230K.NotethatweobtainagainaTg～150Kfrom
τL,m、=100s・
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However,alternativeexplanationsfortheapparentabsenceofFSCor
LLCintheNMRdatamightbepossible.Forexample,whilequasi-elastic
neutronscatteringexperimentshaveobservedFSC-1ikebehavior,13some
experiments,includingNMR,dielectricspectroscopyandneutronspin-echo
experiments,haveo'bservednoevidencefbrtheFSCorLLC.20・77・78・163This
shouldbeduetodifferencesinspatialscaleor/anddynamics(suchasαand6
relaxations)tobeobserved,dependingontheexperimentaltechniques.In
thispointofview,thepresentstudyshouldbere-examinedinthefuture.
6.2.Summary
ItwasfoundthattheZTCcrystalwithasponge-1ikestructureadsor『bsan
unusuallylargeamountofwater;wateruptakeperunitvolumeoftheZTC
crystalamountstoO.5-0.7g/cm3.Thisconfinedwaterisliquidlikeandhighly
mobiledownto200K.Above230K,theiso『baricspecificheat6もisnearly
equalto4.2J/gKforthe『bulkwateratRT.Uponloweringthetemperature
from230K,(fI,steeplydecreasesandreachesthevalueforbulkicearound
150K.Therotationalcorrelationtimeτofthewatermoleculesshowsthe
rot
apparentnon-ArrheniusT-dependence(VFTform)withasingularity
temperatureof109K.Byextrapolatingtheobservedτ,。,to100satlower
temperatures,aglasstransitiontemperaturewasestimatedtobe143K,in
agreementwithabout150KexpectedfromtheXRD,andCbmeasurements,
andtheMDsimulationresults.Althoughnoclearevidencefordynamic
crossoverwasobserved,itwassuggestedthattheconfinedwaterfreezesinto
thelowdensityliquid-likestructures(orLDLandLDAwater)fromhigh
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densityliquid(HDL)1ikewaterathighertemperatures.Besides,the
ZTC-watersystem,owingtoitsnovelphysicalproperties,mayhavepotential
applicationssuchashighperformancefiltrationmem『branesandheat
exchangemediawhichworkevenatlowtemperatures.
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Chapter7
Conclusion
Inthisthesis,weexperimentallyelucidatedthedetailedlow
temperaturestructuresincludingtwoliquidstatesandtherelatingdynamic
propertiesoftheconfinedwaterinsidethecar'bonnanomaterials.
EmployingXRDexperiments,NMRmeasurements,andMDsimulations,
weestablishedaglobalT-DphasediagramofwaterconfinedinSWCNTs.It
wasfoundthattheconfinedwaterinthickSWCNTswith刀rangingfrom1.6
to2.4nmexhibitsawet-drytransition(WDT),whereinthewaterispartially
ejectedfromtheinsideofSWCNTs.For刀 ～1.4nm,ontheotherhand,the
fillingwithwatersu'bstantiallyaffectsthelowtemperaturestructures;it
wasfbundthatwhilehollowiceNTsfbrmatalowerwatercontent,further
increaseinthewatercontentleadstofilledstructures,suchasiceNTs
containingaIDwaterchain.Suchdependenceonthewatercontentis
causedbyanedgeeffectofSWCNTsonthewaterstructure.
AsfbrtheconfinedwaterinSWCNTsof刀>1.6nm,themechanismfor
theWDTandthestructureoftheconfinedwateratlowtemperaturewere
examinedindetail.ItwasindicatedbytheXRDexperimentsthatthe
confinedwaterisinliquid(orglassy)statedownto110K.Thestructureat
110KisquitesimilartoLDAinthe『bulk,whileat289Ktobulkliquidwater
whichhaslocallyHDL-likestructure.Theconversion『betweenthesetwo
statesoccursat200-220K,dependingonSWCNTdiameters.Sincetheglass
transitiontemperatureoftheconfinedwaterwasestimatedtobe～160Kin
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thesameexperiments,theconversionat200-220Kshould『beatransition
betweenlocallyHDL-1ikeliquidtoLDL,namely,a`liquid-liquidtransition'
(L]IT).TheanalysesontheobservedXRDprofilesaswellastherotational
correlationtimeoftheconfinedwaterobtainedbytheNMRmeasurements
stronglysuggestedthattheI、LTisofthefirstorder.
AnotherimportantaspectisthattheLLTandtheWDTseemtotake
placeconcomitantlyeachother.Thisisnaturallyunderstoodbyconsidering
thattheLLTisthedrivingforcefortheWDT.Itwouldbeexpectedthatthe
affinityofwaterwithSWCNTsismuchlowerinLDLthaninHDL,resulting
inthedryingoftheI.DI.toavoidtheenergetically-unfavorablecondition.
TheoriginofthelowaffinityinLDLshouldberelatedtoitsdeveloped
hydrogen-'bondnetworkstructures.
Inaddition,weexaminedthepropertiesofconfinedwaterinsideZTC.It
wasfoundthatisobaricspecificheatoftheconfinedwatersteeplydecreased
below～230K.Thisisconsideredasananomalyrelatedwithafragile-strong
crossover(orliquid-liquidcrossover).
Takentogether,ourfindingsstronglyarguefortheHDL、-LDL、
conversiontakingplaceinsideSWCNTsorZTC.Assumingthatthe
nano-confinementisequivalentwithapplicationofpressure'bybreaking
favora『blehydrogenbondsasinsoluteaddition,theconfinedwatermaybea
mimicofbulkwaterunderpressure.Inthispointofview,thepresentresults
supporttheexistenceofafirstorderLLTinthebulkwaterunderpressure
andthepossibleliquid-liquidcriticalpointscenario.
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Appendix
1.XRDSimulationsfbrCubicIceConfinedinSWCNTs
Cu『bicIce(lc)isametastableformoficeinbulk,whereintheoxygen
atomsarearrangedinadiamondstructure.Inpreviousstudies,ithas'been
reportedthatwaterconfinedinMCM-41withadiametermorethan～2nm
crystallizesintoiceIcatlowtemperature(seeSection2.2.2.inChapter2).
ThusiceIcmayforminsidethickSWCNTsatlowtemperatures.Tbexamine
thispossibility,wecalculatedXRDpatternsfbrconfinediceIcinside
SWCNTsandcomparedthemwiththeobservedpatterns.
TheXRDpatterncalculationswereperformedusingtheDe『byeformula.
ThesimulatedXRDpatternforaniceIccrystalisshowninFig.A1.1.Inthe
simulation,theiceIccrystalconsistingof125unitcells(3.18nm×3.18nm×
3.18nm)wasused.Thecubiclatticeparameterforthecrystalwassetto『be
O.6355nm.AsshowninFig.A1.1,thesimulatedpatternwellreproducesthe
observedoneforbulkiceIcinaliterature147.
Next,wediscussXRDpatternsforconfinediceIcinsideanSWCNTof
刀=2.40nm.Inthesimulation,theXRDpatternsonlycontributedfromthe
confinediceIcwerecalculated,omittingcontributionfromtheSWCNT.The
simulatedpatternsareshowninFig.A1.2.ThelengthoftheSWCNTand
thecrystalorientationoftheconfinediceIcweretakenasparameters.It
wasfoundfromthesimulationresultsthatthewidthandrelativeintensities
ofthepeaksslightlydependonthecrystalorientation.
FigureA1.3showsthecomparisonbetweenthesimulatedpatternfor
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confinediceIcandtheol)servedpattern.Here,theobservedpatternisthe
datatakenforthewater-SWCNTsamplewithD=2.40nmat113K,whilethe
simulatedpatternisthesumofthethreepatternsshowninpaneli)ofFig.
A1.2,justasanexample.Thepeaksate-28and32nm'1,ifexist,inthe
o'bservedpatternmayreflectthoseofthesimulatediceIc.However,the
amountoficeIcmust'besmallasshowninthegreenlineinFig.A1.3.
122
?
?
?
?》
?
??
?
?
10 15
是囎 鵬9鼎 乙7986》
20 2530354045
Q(1,nm》
?…???
?
?
?
?
?
?
?
?
?
?
??
?
?
?
?
…?sYA.鴫1の・ys咽■●劇●一
Fig.A1.1.ExperimentalandsimulatedXRDpatternsforiceIc.The
simulatedpatternwasobtainedforaniceIccrystalconsistingof125unit
cells(3.18nm×3.18nm×3.18nm).Therightfigureshowsthestructureof
theiceIccrystalusedinthesimulation.Onlytheoxygenatomsinwater
moleculesareshown.Theexperimentalpatternisfromref.147.
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Fig.A1.2.SimulatedXRDpatternsforiceIcinsideanSWCNTofD=2.40nm.
Inthesimulations,onlycontributionfromwater-watercorrelationwastaken
intoaccount.TherightpanelsshowthetopviewsofthesimulatediceIc
encapsulatedinsidetheSWCNTs.Onlytheoxygenatomsinwatermolecules
areshowninthefigures.ThecrystalorientationsoficeIcalongthetubeaxis
oftheSWCNTsare[111],[100],andanarbitrarydirectionfori),ii),andiii),
respectively.ThelengthoftheSWCNT,五,wasalsotakenasaparameter.
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Fig.A1.3.TheobservedXRDpatternforawater-SWCNTsamplewith
刀=2.40nmat113K(blackline),simulatedpatternforiceIcinsidethe
SWCNT(greenline),andtheirdifference(redline).Here,thepatternfbrice
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2.XRDSimulationsfbrMultilayerIceNanotubesorIceHelixes
ConfinedinSWCNTs
Simulationstudieshavepredictedtheexistenceofcomplexice
structuressuchasmultilayericeNTsandmultilayericehelixesinside
SWCNTswithdiametersmorethan1.35nm,inadditiontohollowandfilled
iceNTs,asmentionedinSection2.2.3inChapter2.Therefore,wecalculated
theXRDpatternsforsuchmultilayericestructuresinsideSWCNTsto
discusswhethersuchicesexist.
Asmentionedinrefs.122,iceNTscanbeformedbyrollingupatwo
dimensional(2D)squarelatticeofwatermolecules,similartofoldinga
hexagona1-latticesheetofcarbonatomstoformSWCNTs.Fig.A2.1shows
theschematicillustrationofa2Dsquarelatticetorollupthe(n,m)iceNT.
Here,theindex(n,m)denotesthechiralityoftheiceNT.Ann-gonaliceNT
isobtainedwhenthe2Dsheetisfoldedbyvector(n,0).Ontheotherhand,a
helicaliceNTisformedifthesheetisrolledbyvector(n,m)withm≠Oand
m≠n.lnthepresentsimulations,alatticeconstantofthesquarelatticewas
setto'beO.28nm.FigureA2.2showsthesimulatedXRDpatternsfbri)an
emptySWCNT,ii)atriple-wallediceNTwithintheSWCNT,iii)the
differencebetweeni)andii),andiv)thetriple-wallediceNTwithoutthe
SWCNT.EachcalculatedXRDpatternforouter,middle,andinnericeNTsin
thetriple-wallediceNTisalsoshowninFigureA2.3.Asshowninthefigure,
theyhavedistinctpeakpatterns.Thechiralitydependenceofthesimulated
XRDpatterns,alongwiththesideviewsof(20,0)and(14,14)iceNTs,are
showninFigureA2.4.Oncomparingthesimulatedpatternswiththeside
viewillustrations,itcanbefoundthatthedistinctpeaksreflectone
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dimensional(1D)arrangementofoxygenatomsiniceNTsalongtheirtube
direction.Morespecifically,thepeaksat(lg--22nm'1and(lg--32nm'1
correspondtothe(10)and(11)Braggpeaksfbrthe2Dsquarelatticeshown
inFigureA2.1,respectively.Ontheotherhand,theobservedXRDpatterns
donothavethesepeakstructures[seeFig.A1.3asanexampleofthe
o'bservedpatterns1.Therefbre,inthepresentstudy,thereisnoevidencefor
theformationoficeNTsandhelicaliceNTsinsidethickSWCNTsof刀>1.6
nm.
127
Q■ ● ○
・
■
■
・
■
■
●'.● ■ ●
■
●
■
■
■
■
○ ○ ㌔.● ○
■
噛
■ロ
ロ
○ ■hO
■
●
.
・
■
■
○ ○ ●'.○
噛
■
■
、.
● ● ■ ● ㌦.
■
● ● ● ●
○ ■ ● ○
● ● ■ ●
a2し::
。
。
?
?
。
?
?
?
?
?
?
?
?
?
?
???
?
??
??
?
?
?
?
?
?
?
?
?
●
■ ■ ●
n,,)
。 。
● ■.● ● ■
・
■
、
.
ロ
●'・.● ●
噛
、
■
■
噛
■ ■ ●
■
■
・
・
■
■
● ●'・ ■
・
■
■
噛
■ ○ ●
● ● ■
?
?
?
?
?
?
?
?
?
??
?
?
?
?
?
?
?
???
?
?
?
?
?
?
?
?
?
?
?
?
???
?
?
㌔
?
?
?
?
㌔
?
?
?
?
?
?
?
?
?
?
?
?
?
?
?
?
?
al
Fig.A2.1.Schematicillustrationofa2Dsquarelattice.AniceNTcanbe
formedbyrollingupthis2Dsheet.Theredcirclesrepresenttheoxygen
atomsinwatermolecules.ThelatticeconstantwassettobeO.28nminthe
presentsimulations.ThechiralityofaniceNTisdescribedbyanindex(n,
m).
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Fig.A2.2.SimulatedXRDpatterns.i)anempty-SWCNTwithD=2.4nm,ii)a
triple-wallediceNTinsidetheSWCNT,andiii)theirdifference.The
chiralitiesforouter,middle,andinnerwallsoftheiceNTare(17,10),(10,8),
and(6,1),respectively.Thepatternforthetriple-wallediceNTwithoutthe
SWCNT,iv),isalsoshownforcomparison.Therightpanelsshowthetop
viewsofthesimulatedsystems.Coloredspheresrepresenttheoxygenatoms
inwatermolecules.
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Fig.A2.4.SimulatedXRDpatternsforiceNTswithdifferentdiameters,刀.
Theindex(n,m)inthefigurerepresentsthechiralityoftheiceNTs.The
rightpanelsshowthesideviewsof(20,0)and(14,14)iceNTs,respectively.
Onlytheoxygenatomsinwatermoleculesareshowninthefigures.Inthe
XRDpatterns,sharppeaksat(g-22nm'1and(g-32nm'1reflectthelattice
spacingofIDarrangementofoxygenatomsalongthetubedirectionofthe
iceNTs.
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3.XRDPatternsforWaterinDifferentPhases
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Fig.A3.1.ObservedXRDpatternsforwaterindifferentphases(replotted
fromref.147).
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